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Preface

The "Smart Structures" technology offers extremely attractive advantages in the design, development and operation of
aerospace structures. A structure which is capable of sensing its environment and responding to it appropriately will be miles
ahead of passive structures whose performance is limited by constant material constraints.

In the field of sensors, mainly for structural fault detection and health monitoring, progress has already advanced to industrial
applications which will give great relief to aircraft maintenance operations. The next application we will probably see is related to
vibration suppression which was already investigated during the "Active Control Technology" efforts a few years ago.

The papers which are collected in this report give an excellent overview of the state-of-the-art as well as specific detailed
descriptions of specific applications.

Preface

Les technologies des "structures intelligentes" offrent des avantages tr~s attrayants pour la conception, le ddveloppement et la
mise en oeuvre des structures airospatiales. Une structure qui est capable d'apprihender son milieu et d'y r~pondre d'une faqon
appropriae devancera facilement les structures passives, dont les performances sont limitnes par des contraintes permanentes
de materiaux.

Dans le domaine des capteurs, principalement pour la ditection de ddfauts et le contr6le de l'intngriti des matariaux, les progr~s
rdalisds ont dijý permis des applications industrielles qui doivent servir h aliger les procidures de maintenance des avions. La
prochaine application previsible concerne 'Nlimination des vibrations, lequel sujet a ddji fait l'objet de recherches dans le cadre
des activites du Panel relatives h la "Conception automatique gdniralisie" (CAG) il y a quelques annmes.

Les communications rnunies dans cc rapporl donnent un excellent aperqu de I'Ntat de Part dans ce domaine, ainsi que des
descriptions ddtaillhes de certaines applications.

L. Chesta
Chairman

iii
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Technical Evaluation Report

by

R.F. O'Connell G.R. Tomlinson
19462 Citronia Street University of Manchester

Northridge Department of Engineering Dynamics
California 91324 Simon Building, Oxford Road

United States Manchester M13 9PL
United Kingdom

INTRODUCTION materials. One of these also included electrical, acoustic and
The technology referred to by the terms "Smart Structures", viscosity sensors for monitoring the processing of composite
"Smart Materials", "Intelligent Structures", etc, is one which materials, and indicated that the water content of these ma-
has generated a great deal of interest in the Structures/Ma- terials could be monitored in service.
terials communities in recent years. The concept of a structure
with the capability of sensing and automatically responding to Two papers discus sed se of piezoeaectric and e fectro-
its environment is one which offers the potential of extremely strictive materials as sensors and actuators, primarily for
attractive advantages in the design, development and oper- vibration control and active damping. One paper evplored the

ation of aerospace structures. As with most state of the art use of polymeric gels for electromechanical transduction,
advances, these advantages will not be achieved without a although it appeared that at the present none meets the

great deal of painstaking research and development. This requirements.
emerging discipline combines, as do many other recent tech- Two of the papers in this session dealt with the use of shape
nologies, elements of many of the traditional disciplines memory alloys for adaptive control surfaces and actuators,
involved in the design and development of aerospace vehicles, and illuminated some of the difficulties such as response time
The implementation of Smart Structures technologies will, in encountered in the use of these materials.
fact, involve the close co-operation of nearly all the disci-
plines currently involved in the design/development activity. Session III: Structural Defect Detection
In view of this, the Structures and Materials Panel of AGARD The first of the five papers presented in this session gave an
conducted the Specialists' Meeting on Smart Structures for overview of the subject of structural defect detection, begin-
Aircraft and Spacecraft reported herein. ning with a description of current methods. The requirements

for future systems were then discussed, along with a road map
CONTENT OF PRESENTATIONS detailing the means of meeting these requirements with Smart
Session I: State of the Art and Future of Smart Structures Structures.
in Aerospace
Of the seven papers presented in this session, three were over- Three papers di'-"ussed the techniques of structural health
view presentations giving an assessment of the present state of monitoring of composite structures using embedded fibre
the art and future applications of Smart Structures optic sensors. The present status of these sensors was
technology, and some of the short term and long term benefits explained, together with the requirements of further develop-
to be derived. In addition, a number of problem areas were ment. Two of these papers described relevant test programs,
examined and the requirements for progressing the discipline and one paper included a description of an optical fibre with
were discussed. an electrostrictive coating performing as an integrated sen-

sor/actuator.
One paper described the use of piezoceramics in the active
control of helicopter rotors and blades, and concludes that a One paper dealt with the use of neural networks in health
factor of 10 increase in the reaction force capability of the monitoring. The architecture of a network to detect structural
material is needed, faults in terms of input strain data was described, and the pro-

cess of enabling the network to "learn" to recognise the strain
Three papers concentrated on spacecraft issues. One dis- patterns of the relevant structural faults was outlined. An
cussed the use of adaptive structures in the shape control and example was given, showing a neural network developed from
vibration control of spacecraft. Another outlined a planned finite element simulations of a series of mathematically simu-
test of a sensor on a spacecraft to detect laser, rf and x-ray lated structural faults, being successfully applied to
related events. The third provided an insight into the pro- experimental data for accurate fault location.
blems of excitation, modal identification and sensor location
in space structures. Session IV: Smart Technology Control System

One paper presented an overview of Smart Structures
Session HI: Sensors and Actuators research at the USAF Wright Laboratory pertaining to sen-
Of the nine papers presented in this session, three dealt with sory structures, multi-functional structures and active
fibre optic sensing techniques used in the monitoring of com- structures. The current state of the art, potential for the use of
posite structures. Strain monitoring, temperature monitoring Smart Structures and technology needs in this area was also
and impact damage monitoring of structural systems were discussed. Another paper gave a general summary of the
described. Two of the papers addressed the use of fibre optic status of active control technology and the state of the art of
techniques in monitoring the cure condition of composite predicting loads caused by flight control changes.
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Three papers addressed the use of Smart Structures tech- ASSESSMENT OF PRESENTATIONS
nology in the control of space systems. One presentation The presentations were generally of high quality, and served
described the use of adaptive space structures for shape con- to provide an excellent guide to the status, scope and future of
trol and vibration control, and the second discussed the Smart Structures technology. The overview papers were very
equatio',s of motion of multibody space systems and related good, and gave a comprehensive view of the discipline. The
control applications. The third paper described an exper- projections of future applications and pay-offs were particu-
iment using piezoelectric sensors and actuators to augment larly useful. The descriptions of the deficiencies, problems
the damping of an elastomechanical system. and needs were also excellent. It would appear that more

attention could have been given to the means by which pro-
The remaining five papers covered a variety of subjects. One gress in the technology could be accomplished in order to
paper examined the use of active control of nose landing gear achieve the long term benefits.
damping characteristics of an aircraft to improve ride quality.
Another discussed the development of an algorithm for an The papers directed to more specialised subjects were like-
adaptive digital filter used in vibration control. A third wise of high quality, and in general seemed to cover the topics

described ground and flight tests using fibre optic strain sen- adequately. In most cases, deficiencies in the presently avail-
sors. One paper discussed the use of distributed sensors and able materials were noted, and the required improvements
actuators for mode control in superflight air vehicles and the identified. Again, the means of achieving these improvements
related control algorithms; another examined the use of finite are areas in which further efforts are necessary.
element representations of piezoelectric devices and shape
memory alloys. RECOMMENDATIONS

In achieving the projected paf-offs resulting from Smart

ROUND TABLE DISCUSSIONS Structures, very significant cost and weight are anticipated. If

The round table was composed of: this is to be the case, a great deal of attention must be given to
the reliability of the systems. The failure modes of such sys-

L. Chesta Alenia, IT tems must be identified, and must be mimimised to the greatest
0. Sensburg MBB-DASA, GE possible extent. In the case of heaili monitoring applications,
J. Kaprzcynski TAR, NRC, CA the objective is to reduce inspections on both new and
E. Crawley MIT, US repaired structures and thereby reduce maintenance costs.
B. Wada JPL, US Similarly, the use of Smart Structures to improve performance
W. Schmidt MBB-DASA, GE and/or to reduce structural weight implies that the combined
A. Janizewski EOARD, US Air Force, US structural systems have a reliability commensurate with that
R.E O'Connell Evaluator of the unaugmented structure. The failure of such systems to
G.R. Tomlinson Evaluator perform the intended function has serious safety implications,
The discussions were prefaced by introductory remarks by and the combined structure/sensor/actuator/controller sys-

the evaluators giving a brief summary of the presentations and tems must be treated in the same context as present matenal
reviewing the various applications of Smart Structures tech- systems. A related consideration will be that of convincing the

nology covered by the presentations. The potential pay-offs various regulatory agencies of the safety of these systems.
were cited, along with some of the deficiencies and problem While this is a formidable task, it should also be kept in mind
areas to be addressed. One aspect which received attention that the development of Smart Structures must proceed as
was the difference between the difficulties associated with rapidly as possible. The current political and economic con-
spacecraft and aircraft. In aircraft the load paths are more dif- straints dictate a very limited number of new vehicle designs,
ficult to identify than in the case of spacecraft. In addition, the both in spacecraft and aircraft. One obvious implication of
actuation forces required for control of vibration/position in this is that, if the technology is not sufficiently mature for
spacecraft are in general lower, making the application of inclusion in a particular design effort, it may be many years
Smart Materials more attractive for control purposes. This before such an opportunity presents itself again.
led to the view that Smart Materials had several current limit-
ations in relation to aircraft applications such as low actuation formulated to:
forces and low response times (for shape memory alloys). It
was likely that the first real applications for Smart technology 1. provide a roadmap of the various applications in terms of
would be in Health Monitoring of aircraft structures. The ad- the time frame in order that these applications might be
vances being made in data processing using techniques such sufficiently mature for inclusion in a new design,

as Neural Networks meant that fault patterns could be rapidly 2
deduced from different types of Smart sensors and the anaiy- . propose, insofar as is possible, the means of achieving this
sis carried out on dedicated small computers. design readiness,
The financial input required to drive the Smart technology 3. identify projected aerospace design efforts which could

The inacia inut rquied o divethe mar tehnoogy benefit from such applications, including the estimated
forward had to be project driven and there was a general feel- time the applications would be required, and

ing that more applications were required in order to ensure

the research advances being made resulted in an effective 4. determine to what extent any chronological imcompat-
technology transfer to industry. ibilities could be corrected.
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SMART STRUCTURES
A TECHNOLOGY FOR NEXT GENERATION AIRCRAFT

by

W. Schmidt and Chr. Boiler
Deutsche Aerospace

Military Aircraft Division
P.O. Box 80 1160
8000 Munich 80

Germany

SUMMARY

Performance of aircraft structures has progressed in a sequence of steps during the past. Since
composite materials have gained broad application because of significant technological improvement
it is timely to look for the next step in improvement of aircraft performance. It is very likely that
this step is related to smart structures technology. Smart structures technology is able to meet
various aircraft design objectives such as improved military aircraft effectiveness through improved
aircraft capabilities and reduced life cycle cost or reduced direct operating cost of civil aircraft
through improvement in performance, fuel consumption and aircraft maintainability. Active/adaptive
structures, structure health monitoring and structure integrated avionics are the three areas which
are felt to be the areas where smart structures technology is most benefical. Ways for cooperation
between various engineering and natural sciences, being a major driving force for the success of
smart structures, are described as well as some laboratory scale experiments which have been
recently performed. It is felt that an increased effort of engineers in various fields towards
realization of smart structures can be a new rewarding challenge for the aircraft industry in
developing next generation aircraft.

ABBREVIATIONS

CFRP Carbon Fibre Reinforced Polymer
DASA Deutsche Aerospace
DOC Direct Operating Cost
LCC Life Cycle Cost
NDT Non Destructive Testing

INTRODUCTION

The performance of aircraft structures during the past century has progressed in a sequence of
steps which were mainly due to a change in applied material (Fig. 1). Starting from wood, cloth and
wires as fundamental structural materials, metals - and here especially aluminium alloys - were soon
identified in a second step to provide higher strength and environmental stability. The continuous
need for light weight construction and the ability to tailor strength of components according to
structural needs led to fibre reinforced polymer composites, which can be considered as the third step
in aircraft structure performance development.
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SMART STRUCTURES

COM4POSI TE d•nf

PFRIOO O AIRF'RADE DEVELOPIfNT

Fig. 1 Trend of Airframe Performance

Each of these steps starts at some degree of development and during the time further improvements
are achieved until development is close to a saturation point. This incident is then the verge to the
next step in aircraft performance developement when considering materials applied.

Composite materials have gained increased applicability in aircraft structures because of improved
strength, manufacturing technology and cost. Even though further improvement can be expected it
is certainly not wrong to assume that composite materials are close to their saturation point in
technological development. It is therefore timely to consider the next technological step in airframe
performance which is very likely to be smart structures.

Various definitions of smart structures were given in the past where a definition by Breitbach [1]
has been widely accepted in and outside Germany. According to this definition the evolutionary
process of smart (synonyms are: adaptive, multifunctional, intelligent, etc.) structures (Fig.2) started
with a structure being subjected to external disturbances and responding in a passive way. Such a
structure is defined to become active as soon as it is able to recognize these external disturbances
by specific, mainly monofunctional sensors and depending on the severity and consequences of the
disturbances the sensor signals can be transmitted to a controller which processes and generates
signals in real time allowing the structure to respond actively by use of an actuator.

puulv

S, T .eU .gw vSs

atauctife

-~~ ~ - -- -

cetr•e ,ttereu mad me~r

Fig. 2 Smart Structures Technology Evolutionary Process
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Sensor, controller and actuator, key elements of an active structure, which do not all three have
to be present in one system, are nowadays available as extrinsic elements and functions. Examples
for sensors include strain gauges, load cells, thermocouples etc. while the actuators applied are based
on electrical heating, motors or hydraulic systems. Contro'lers are mainly electric circuits and
electronic elements including often human control. Examples for systems which include all three key
elements and being commercially available are cooling and heating systems, automatic gears, deicing
systems for aircraft or active shock absorbers.

A structure is defined to be smart when sensor, actuator and possibly even controller become an
integral part - or in other words an intrinsic function - of the structure or structural material
respectively. The integration of sensing and actuating functions has already become reality when
considering smart materials such as piezoelectric ceramics and polymers, shape memory materials,
electrorheological fluids or magnetostrictive materials. When considering future material development
organically modified ceramics, nanostructures or generally materials modified on a molecular basis
are included. The final vision is that future structural materials will sense their condition themselves
and will be able to react with the help of a controlling process where the controlling process being
based on advanced electronics and data processing techniques will usually still not be an integral part
of the structure from a materials point of view.

Smart structures technology was mainly initiated for spacecraft applications. Whithin the past few
years areas such as military aircraft, helicopters and commercial aircraft have also started to explore
the benefits of this technology for their purposes. Other technical areas with major interest in smart
structures are automobiles, civil engineering including power plants and medicine.

That smart materials and structures have gained large interest not only in North-America and
Japan shows the following list of activities within Deutsche Aerospace (DASA):

Daimler- Benz Research Smart/Adaptive Materials (Piezoelectrics,
(DASA Lab.) Shape Memory Alloys, Advanced/Smart

Composites); Sensor Technology

DASA Military Aircraft Smart Structures (Aircraft Health and Usage Monitoring,
Active/Adaptive Structures, Structure-Integrated Avion-
ics)

DASA Space Systems Control and Simulation Algorithms

Eurocopter Deutschland Active Rotor Blade Control

Various cooperations and contacts with universities and research centers have been established
where DLR, the German Aeronautical Establishment is playing a major initiative role in Germany.

The following paragraphs describe how smart structures technology can meet aircraft design
objectives and what strategies are pursued in view of next generation aircraft.

AIRCRAFT DESIGN OBJECTIVES

Aircraft design objectives differ significantly depending on the aircraft configurations considered.
Subsonic transport aircraft are designed for economy, military aircraft for agility, helicopters for
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vertical flight and super- and hypersonic transport aircraft for speed. An objective common to all of
these aircraft configurations is however minimization of cost.

A lot of thought has been and is still spent on technological improvement which main aircraft
configurations demand [2]. A summary of these demands combined with the impact of smart
structures technology is given in the following for military and commerical aircraft.

Military Aircraft

Military aircraft effectiveness is best defined in terms of life cycle cost (LCC). The objective is
improved survivability which is achieved by development of the aircraft's capabilities and availabil-
ity. Major development work in aircraft's capabilities is focussed on:

- improvement of system performance
- better range
- better manoeuvrability and
- better sensor capability

where smart structures technology can significantly influence the latter three aspects.
Aircraft's availability can be increased by improvements in:

- reliability
- maintainability and
- ease of tum-round

where the aspects of reliability and maintainability are those being most significantly influenced
by smart structures technology.

Life cycle cost, the term to express military aircraft effectiveness can be divided into two major
parts:

- acquisition cost and
- operational cost.

(015P PAL)

LACIOUr

OPERATOR
Z) bA-I COIT5

r
PPODUt r ion

UtIt(D CREW

IMITIAL . t

Source. EUROMART Study

Fig. 3 Life Cycle Cost (LCC) Breakdown for a Typical Military Aircraft

(Assumes 25 years in service) I
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Fig.3 shows an example of a life cycle cost breakdown for a typical military aircraft assuming 25
years in service. For existing aircraft types these cost values are known to the aircraft operator. When
a new aircraft or technology is introduced, the operator will therefore compare the new life cycle cost
(LCCI,,,) with the actual (LCC,..) which will lead him to three major possibilities only being
accepted when the following conditions are fullfilled:

1.) LCCIw < LCC.,a

No decrease in technological capabilities or availability.

2.) LCCJw = LCCc,•,

There must be at least an improvement in technological capabilities or availability with
no decrease in the other.

3.) LCC,, > LCCw

Outstanding improvement in technological capabilities and/or availability, possibly even
tailored to the needs and wishes of the operator.

Returning to smart structures technology, in-flight health monitoring systems is a good example to
show how this technology can affect LCC (Fig.4).

OFF - FLIGHT INSPECTION

N. .S EOFF-Flight

Insp./Repair Ratio :> 5 [Event/Event]

Insp./Repair :0.11 [MH/MH]

IN - FLIGHT INSPECTION

IN-Flight

ECIOI EMANENT INSPECTION PRM

Fig. 4 Improved Availability through Automated
In-Flight Structure Monitoring

Health monitoring of aircraft is the major part of aircraft inspection. To prevent the aircraft from
critical damage inspection is performed in fixed intervals. Work is mainly done manually using hand
held equipment. Aircraft operation is only accepted to be economical when repair is identified in less
than 1 out of 5 inspections (Inspection/Repair Ratio: >5). The average manpower cost for inspection
of an aircraft is approximately I I% of the manpower cost required for repair. This inspection cost
can be reduced with a health monitoring system, especially when the cost for the system is less than
the actual inspection cost relative to the capabilities of the health monitoring system. When health
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monitoring can even be performed during flight or in-service further benefits arise such as better
availability and on condition maintenance. As inspection is now permanently performed, the

inspection to repair ratio mentioned before goes up to a very large value (mathematically to infinity),
which is not a measure of improved security but a measure of having taken full advantage of the
aircraft's technical availability and therefore a measure for economy. More quantitative values on
aircraft maintenance cost are given in [3].

Commercial Aircraft

Major objectives for commercial/competitive air transport is to meet operational requirements of

- safety
- environment
- punctuality and
- comfort.

These requirements have to be met in conjunction with minimization of direct operating cost
(DOC). Similar to LCC mentioned before DOC is composed of aircraft production and aircraft
operational cost. Fig. 5 is a compilation of competitive air transport demands for continuous

AIRCRAFT PRODUCTION CSSARAFOPERATIONAL COSTS

through better/shorter through improvements in
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Fig. 5 Competitive Air Transport Demands Continuous Improvement in...

improvements in various cost driving areas which was set up by a team effort of the European
aircraft industry and the Commission of the European Community [2]. When looking for areas where
smart structures technology could contribute to reduce cost 'Performance and Fuel Consumption' and
'Aircraft Maintainability' are the areas of significant influence. A reduction in aircraft production cost
or aircraft price by using smart structures technology is not likely to be expected.

Within large aircraft manufacturing industries (e.g. Airbus Industries) a lot of thought has been
spent on how improved technology can reduce DOC of a commercial aircraft. Fig. 6 shows a typical
DOC breakdown using 1987 cost for an Airbus A320 on a 500 nm trip. Smart structures technology
can significantly influence aspects such as 'Reduced Maintenance', 'Fuel Savings' and 'Reduced
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Crew Team' which in all is close to 50% of DOC and therefore worth to be considered. A selection
of examples how to achieve this will therefore be given in the following.

THE SMART STRUCTURES CHALLENGE

Smart structures are still at a very initial stage of their development. Various concepts have been
and are still proposed for performing large research programs in North-America, Japan and Europe
and a lot of laboratory research work is going on which has especially shown first results in the area
of spacecraft application. Within the following paragraphs some ideas are described on how smart
structures technology can be introduced to next generation aircraft and possibly even become
benefical to existing ones.

Possible Smart Structures Applications in Aircraft

When considering smart structures and materials application in aircraft a large number of areas
can be identified. Fig. 7 is a compilation of various applications starting from cabin noise reduction
and ending up with structure-integrated avionics and processing all major data in a central data

processing unit.

When trying to group these different areas three major topics can be identified:

- Active/Adaptive-Structures applied to cabin noise reduction, vibration and flutter
suppression of engines, wings and fin, variation in wing geometries for optimized
aerodynamical behaviour including automated positioning of flaps and slats.

- Aircraft (Structures. Engine, Systems and Equipment) Health Monitoring Systems, able
to detect, localise and validate deterioration due to fatigue, corrosion, impacts,
mishandling, wear, temperature or other environmental conditions.
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Structure-Integrated Avionics which includes integration of existing antennas into
aircraft structures improving aerodynamic behaviour, avoiding additional antenna
housing and possibly even making use of the antennas' stiffness for structural purposes.

Fig. 7 Areas of Application of Smart Structures and Materials in Aircraft

These three topics have also been the focal points when smart structures research work started
within Deutsche Aerospace Military Aircraft. (Fig.8).

AdSteprngssio

Smart Structures

e.g.
* Smart Aircraft I

Fig. 8 DASA Mi. Aircraft Smart Structures Activities

From ongoing research and development work problems commaon to these different topics were
identified and are used as links for ongoing and future research work. Examples of such links
includes improvement of piezoelectric sensors' and actuators' otnilor advanced signal processing
when thinking of active structures and structure health monitoring or sensor networks, structure ]

-D . - ..... .
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integrated antennas and sensors, or camouflage of electronic systems when thinking of links between
structure health monitoring and structure-integrated avionics. These links can be consolidated by
studying and possibly integrating solutions dealt within areas usually not included into engineering
science such as biomechanics. Following this strategy is felt to be a suitable way how to achieve the
objective of developing applicable smart structures even leading in the end to a "smart aircraft".

Another view which exhibits that the three topics structure health monitoring, active structures and
structure-integrated avionics are highly interacting when considering smart structures technology is
shown in Fig.9.

b• syte]] Smart Structures Technology

Impact Damage
(BVID) Health Strain Gauge

Corrosion & vgh-Sernors

Mishandling LU" Monitring Fibre Optics
Fatigue Plezoelectrlics SensingHF (Redar)

Electro Optical

Environment

Filters & Amplifiers

Aerodynamics Multiplexers

Vibration Active/Adaptive Computer Networks

Flutter Structures FF7 Processing
Noise• Expert Systems

Neural Networks

Weight Fuzzy Logic

Stealth Piezoelectrics
Signatur Control Structure Integrated Shape Memory Mat. Actuation

4Y'Threat Recognition Avionics ER-Fluids
Situation Awareness Pyrosensitive Composite
Sensor- /Datatuslon

Fig. 9 Smart Structures Technology in Aircraft

Starting from a variety of problems still to be solved within aircraft design links can be drawn to
smart structure systems which themselves are linked to a broad spectrum of smart structures and
materials technology. It can be seen that investment into sensing, processing and actuation
technology, the three elements of smart structures technology, can be beneficial for more than one
system. It further proves that strong links between system development and smart structures
technology can be advantageous for system development in short term.

As smart structures is not limited to structural engineering, areas such as materials science,
electronics and sensors, actuators and control algorithms, computer science, NDT, dynamics, etc.
have to be included in addition to the links already mentioned before. Fig. 10 gives two examples
on how to establish interacting teams for development of smart structures. Only successful
cooperation between people, sciences, companies/institutions and nations can lead to valuable smart
structures.
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Fig. 10 Cooperation in Smart Structures Development

Laborator-y Scale Examples

As smart structures development is still at a laboratory stage some examples and ideas are
described where work is actually going on within Deutsche Aerospace.

Active/Adaptive Structures

Active/adaptive structures technology solves structural problems which cannot be handled by
passive metallic or even optimized composite structures. It is strongly dependent on development and
performance of smart materials and its potential can only fully be explored when used as an
integrated design element from the initial stage of product design.

Actual research work is concentrated on two areas, shape control and active vibration damping.
Fig. 11 shows an example for active vibration damping. A cantilever beam made of carbon fibre
reinforced polymer (CFRP) was selected and equiped with an accelerometer (sensor) and an actuator
made of piezoelectric ceramics. Sensor signals were fed into the signal generator which generated
the signal for the actuator. The test objective was to look at the control process, bonding of the
actuators and the actuator performance. The result shows that damping is significantly increased
when using the piezoeletric actuator with control.

i
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Demonstrator Test with Piezoceramic

Actuator Test

TEST SETUP

Piezo Actuators CFRP-Beam SENSO (Accelerometer)

TEST OBJECTIVE

Control Process

Piezo Bonding
Actuator Performance

RESULT

CFRP Beam without Cnntrol Piezo Actuator with Control

Fig. 11 Active/Adaptive Structures

Another example which is more related to shape control is based on use of shape memory alloys.
Fig. 12 shows an example where a wire made of shape memory alloys has been wound around a bar.
This solution on which Daimler-Benz Research DASA Central Laboratories holds a patent allows
to introduce torsion and could be used for rotor blade control or flaps positioning.

SMA Wire
Metal or Composite

Rotorblade

Flap

Fig. 12 SMA - Torsionbar

Structure Health Monitoring

Much effort has been spent in the past to obtain information on the actual condition (health) of
aircraft structures. Based on strain gauges and flight parameters load sequences were determined
allowing to estimate fatigue damage accumulated. Structure health monitoring systems of the next
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generation which will be based on smart structures technology will allow on-condition and in-situ
monitoring of damage resulting from

- impacts (especially in fibre reinforced polymers)
- corrosion
- fatigue and
- mishandling including misrepair.

Parameters to be monitored can be strain, vibration modes or acoustic emission. A broader view
on health monitoring systems is given in [3].

Monitoring of engineering structures is conventionally performed in a way that sensors are bonded
on the structure's surface. Strains, vibrations, acoustic waves etc. resulting from structural behaviour
and being changed because of structural damage are measured. When using smart materials sensors
can become an integral part of the material. This has the advantage that sensors are better protected
against environmental effects and that their stiffness can contribute to the structural stiffness. They
have to be low cost because repairability of such integrated sensors is more or less excluded.
Furthermore a much higher amount of sensors than required have to be included into the structure
allowing graceful degradation of the sensors during the structure's service life. Fig. 13 shows an
example for conventional and smart health monitoring when including the sensor functions into a
composite material.

Conventional Smart
-Matrix

Graphite Fibres

Sensor e W. Sensing Fibres

Sensor Is attached to material Sensor is Integral part of the material

Fig. 13 Composites Health Monitoring

Structure health monitoring does however not just consist of integrating sensors into the structure.
It also includes application of advanced/smart sensors with intelligent signal preprocessing using the
most recent development in microelectronics and advanced data processing as well as visualisation.
This allows to handle large quantities of data which is the case when monitoring large structures such
as a composite wing. Fig. 14 illustrates such a strategy which is actually been followed within DASA
for composite parts under impact loading. At this stage plates of simple geometric shape with low
cost piezoelectric sensors still bonded onto the plate's surface are impact tested. Future research work
aims at integrating the sensor function into the material, testing structural components and
establishing data processing and visualisation tools which shall finally lead to an applicable structure
health monitoring system for aircraft components.

.1



1-13
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Sensor S~g'at at Impact
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Fig. 14 Structure Health Monitoring Using Network Based on Piezoelectric Sensors

CONCLUSIONS

During the last ten years enormous achievements have been gained in minimization of sensors
and actuators. Small light weight powerful computers are installed in flying vehicles now which
allow onboard real time assessment of flight parameters, loads, stresses etc.. Optimal control laws
with minimal control force requirements are applied and will offer large weight reduction benefits.

Regarding next generation aircraft the following conclusions can be drawn:

"* There is a significant potential to improve military effectiveness and to reduce LCC as
well as DOC of civil aircraft by application of smart structures and materials
technology.

"* Active control technologies together with aeroelastic tailoring, structural and damping
combined with smart materials applied in the design process will lead to active/adaptive
structures yielding much lighter design.

"* Structure health monitoring based on smart structures technology will support
development towards automated in-situ monitoring of damage even on-board the aircraft
and in-flight. This will allow to reduce maintenance cost, improve operational capability
and availability and even lead to lighter design because of better knowledge of structural
damage behaviour.

"* Aircraft will benefit from structure-integrated avionics including weight and volume
savings, improved aerodynamics, reduced signature and possible 4 n coverage.

Altogether cooperation between people, sciences, companies/institutions and nations is a major
driving force for development of smart structures. Smart structures' success heavily depends on it.
Development of this technology has just started and the increased effort of engineers in all fields will
be a new rewarding challenge for the aircraft industry.
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SUMMARY the large optical systems, such as Space Based Laser (see
Figure 1), were characterized by a relatively stiff

The precise pointing / shape control needs of future space structure up to a few tens of meters in diameter. Their
systems coupled with a 10 - 20 year life requirement and need to obtain precise performance from large optics,
very stringent limitation on system weight has motivated which must be rapidly retargeted and operated in the
a new approach in control system design. This approach, presence of sev,'zre on-board disturbances, causes the most
referred to as "adaptive structures," exploits recent demanding controls / structures interactions (CSI). On the
breakthroughs in advanced composite materials, sensors other hand, large space antenna systems, such as Space
and actuators, and intelligent control concepts to provide Based Radar (SBR) and Large Deployable Reflector,
an integrated structure / controller, consisted of a flexible structure up to 100 meters in size

[ 1,2]. Figure 2 shows a conceptual design of a corporate
1. INTRODUCTION fed SBR. AlU the proposed concepts required the spacecraft

to be packaged for launch and unfolded once in orbit. The
Dynamics and control of flexible space structures has been dynamics of the unfolding process and shape determination
an area of active research for the past 15 years. For a /control of the large antenna were a primary concern.
period of time, the impetus for this work was based on the
perceived need for relatively large spacecraft, either
deployed or assembled in space, requiring precise pointing
or shape control. These Large Space Structure (LSS)
missions fell in two broad, overlapping categories. First,

Figure 2 A Phased Array Corporate Fed SBR Concept

Thus, the dynamics and control requirements were driven
Figure 1 Conceptual Design of Space Based Lmar by proposed systems; many of which were very large in
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size, and due to the cost of putting mass into orbit thermally stable structures; sensors and actuators,
weighed as little as possible, thus making them inherently including distributed fiber optic sensors, piezoelectric
flexible. Furthermore, many of these missions called for sensors/actuators embedded inside the layers of the
very precise pointing and shape control, often in the composite structure, and shape memory alloy actuators;
presence of severe on-board or environmentally induced and intelligent control concepts, including neural networks
disturbances resulting in severe controls / structures for autonomous system identification, rapid failure
interaction. It was recognized that a solution to this detection, and control system reconfiguration.
problem was well beyond the existing state-of-the-art in
vibration and shape control resulting in sustained National This paper traces the development of vibration
Aeronautics and Space Administration (NASA) and suppression technology from a USAF perspective, leading
Department of Defense (DoD) funded LSS technology to the joint SDIO/USAF adaptive structures program.
development programs.

2. BACKGROUND
By the mid to late 1980s it had become apparent that
many of the perceived near-term DoD system applications In the early to mid 1970s, some of the initial work in
of the LSS technology such as, SBR, had failed to LSS vibration suppression relied on the application of
materialize. However, the need for increased precision existing methodologies (developed for aircraft flutter
from existing surveillance and communication satellite suppression) to spacecraft with a rigid central hub and
platforms provided a new near-term outlet for LSS light, flexible appendages. Often the spacecraft was
technology. These satellitcs do not require a global treated as rigid for the purpose of attitude control system
application of vibration suppression to the entire design. Subsequently, the performance of the resulting
structure. Instead, the vibration concerns are localized to controller was evaluated in the presence of structural
specific spacecraft components. Most of the modeling and flexibility. If necessary, the controller was then
control algorithms developed for LSS are applicable to appropriately modified to account for the flexible modes.
these smaller satellites. Unfortunately, their smaller size Typically, there was sufficient separation between the
and limited power availability puts a severe limitation on control system bandwidth and the first flexible mode so
the allowable weight and power of the vibration control that their interaction could be safely ignored.
system. Also in the Strategic Defense Initiative
Organization (SDIO) arena, the recent change in mission When the notion of large antenna and power generation
architecture has shifted the focus away from larger Directed satellites was introduced, it was quickly realized that such
Energy Weapon systems. The new architecture, referred to systems were inherently flexible and could not be modeled
as Global Protection Against Limited Strikes (GPALS) as a rigid hub with flexible appendages. This resulted in a
utilizes a large number of small space-based autonomous flurry of papers out of which the well recognized
surveillance and defensive satellites. These satellites are characteristics of LSS took form, namely, (i) an
required to react quickly and perform optimally after inherently flexible structure with a large number of lightly
remaining dormant for an extended period of time. None damped, closely spaced structural modes; (ii) stringent
of these elements will receive scheduled maintenance and vibration suppression and shape control requirements
are expected to operate over a 10-15 year life with resulting in a controller bandwidth which includes a
minimal ground support. The need for health and threat significant number of flexible modes; (iii) frequency, and
monitoring combined with static / dynamic structural to a greater extent mode shapes, of the higher modes not
control for such systems has been described by Obal and accurately known, and; (iv) typically, the structure is
Sater in a recent paper [3]. This requires the development packaged into a compact form for launch and unfolded into
of an autonomous on-board control and health monitoring its operational form once in orbit . Further details are
system that continuously monitors spacecraft health, provided in references [4,5].
detects the threat environment and evaluates its impact on
the satellite; observes significant changes in key By the mid 1970s, the volume of research in this field had
performance parameters, and autonomously reconfigures to grown to the point of requiring a specialized conference.
compensate for these changes. Finally, the weight Recognizing this need, Prof. Leonard Meirovitch of
penalty imposed by the health monitoring and vibration Virginia Polytechnic Institute and State University chaired
control system is of particular concern for the near-term a Symposium on Dynamics and Control of Large Flexible
SDIO systems, where the system weight plays a crucial Spacecraft in June 1977 (6]. This biennial symposium
role in determining the feasibility of the concept. remains a popular watering hole for researchers active in

this field. Also, in 1977 The Charles Stark Draper
The United States Air Force (USAF) in cooperation with Laboratory (CSDL) conducted a state-of-the-art assessment
SDIO has developed an adaptive structures approach for of passive and active suppression of vibration for
this application. A number of recently developed precision space structures [7]. The results of this
technologies combine to enable the adaptive structures assessment showed that the achievable damping of I to
approach. These include advances in high modulus 3% was insufficient to meet the needs of the proposed
composite materials, resulting in lightweight, yet stiff, systems [8].
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Table 1. ACOSS Program Summary (Strunce and Carman [7])

Company Control Theory Control Design & Analysis Experiments

Control Sampling Phenomena Digital Control
Dynamics Stability Digital Implementation

Convair Model Error Sensitivity MESS Flyswatter Plate
Suppression (MESS) Disturbance Accommodation (IR&D)

Draper Reduced-Order Modeling Structural Damping Augmentation Beam (IR&D)
Reduced-Order Controller Modem Modal Control (MMC)
Output Feedback SDA/MMC, Actuator Synthesis
Sensor/Actuator Placement Disturbance Rejection
Optimal Slewing Maneuvers Sensor/Actuator Placemant
High Resolution System Identification Optimal Slewing Maneuvers

High Resolution System Identification

Honeywell System Identification Singular Values

Hughes Electronic damping Electronic Damping Hollow Cylinder

Lockheed Low Authority Control (LAC) LAC, HAC, LAC/HAC Mini-Beam,Maxi-Beam
High Authority Control (HAC) Frequency Shaping Vertical Pipe
Modal Cost Analysis (MCA) System Identification Circular Plate

Wheel (frame)
Toysat, POC

TRW Stability Ensuring Methodology Stability Ensuring Methodology Plate (IR&D)
System Identification System Identification
Adaptive Control

This study motivated the Defense Advanced Research tolerances [10] were commonly known as Draper Models
Projects Agency (DARPA) to initiate the Active Control #1 and #2, respectively. The Draper Model #2 (shown in
of Space Structures (ACOSS) program in 1979. The Figure 3) was the first systematic attempt to create an
objectives of this focused program were to develop a unclassified detailed model of an optical system and it was
unified technology base in structural dynamics and control extensively used in literature over the next few years. In
for precision LSS and to demonstrate this technology addition, under ACOSS and company Independent
through simulations and proof-of-concept ground Research and Development (IR&D) funding, a number of
experiments [8]. Up to eight research teams were funded simple proof-of-concept experiments on beams and plates
under ACOSS at various times starting in late 1978 and were also successfully performed. Unfortunately, the
ending in 1982 when this program was prematurely planned experiments on three-dimensional structures
terminated. Table ],which is from a 1983 paper by were abandoned due to the early termination of the
Strunce and Carman [8] summarizes the accomplishments program. In spite of its early termination, the ACOSS
of ACOSS. A number of today's well known vibration program was responsible for focussing the LSS
suppression techniques were developed and refined at this technology development towards precision space structures
time, such as, Model Error Sensitivity Suppression and it had a major impact on the scope and direction of the
(MESS), Low Authority Control (LAC), High Authority research which followed.
Control (HAC), and the combined HAC/LAC technique.
Also, to assess the performance, sensitivity, and hardware Running concurrently with the ACOSS program were the
requirements of various active structural control NASA funded activities in Large Space Systems
techniques, the CSDL developed two finite element Technology (LSST). This program looked at the
evaluation models. First, a low order model of a 10- technology needs of systems considered near-term at that
member tetrahedral structure [9] and second, a simplified point, such as, large antennas and space platforms (1].
optical system with associated performance measures and Much of this work was documented in proceedings of the
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be an area of active research to this day. See Reference 20
for a recent survey of ground-based experiments in this
field.

Experiments like those on the AFAL/CSDL structure and
other NASA / DoD facilities [21,22] in the mid 1980s
were essential for the gradual progression in the
development of LSS technology. However, these
experiments concentrated on methodology demonsration
with little concern about the weight and power
requirements or about the space survivability of the
resulting control system. In fact, in many such
experiments, the control actuators outweighed the

, structure they were controlling! The same was true for the
"associated control electronics and computers. Thus, at
this point, although the control methodology had been

, auvwroom' developed and demonstrated and could be considered ready
for application, the control hardware was at least 5-10
years away from reaching maturity.

Figure 3 Draper Model #2

NASA sponsored annual workshops held at the NASA
Langley Research Center starting in 1979 [11-15]. With
the focus on large antenna applications, NASA selected a
number of deployable structural concepts for further study.
Starting in 1979, two of these concepts, the wrap-rib [16]
and the hoop/column [17], were selected for a design and
development program with a 100-meter diameter class of
application in mind. The program ended in 1985 with
technology readiness ground demonstration experiments.
A 15-meter hoop-column antenna structure, capable of
deployment / stow cycles, was developed and used for
static / dynamic tests and to assess the active control
requirements.

Figure 4 AFAL/CSDL Large Angle Retargeting
After the end of the ACOSS program, the focus of Experiment
Department of Defense (DoD) and NASA funded follow-
on efforts slowly shifted to hardware demonstrations. In
1983, taking off from where ACOSS finished, both the Cooperation between NASA and DoD has continued with
Air Force Astronautics Laboratory (AFAL) and the Air the long-term goal of developing and demonstrating
Force Flight Dynamics Laboratory initiated a number of controls - structure interaction technology for the next
hardware programs to demonstrate active and passive generation of precision space structures. To this end, a
damping methodologies on simplified three dimensional number of realistic, complementary, three dimensional
test beds. Large angle retargeting of flexible structures test-beds have been developed at the participating NASA
was selected by AFAL and CSDL for a systematic and AF research centers. Since 1990, the two
methodology development and hardware demonstration organizations have a joint Guest Investigator (GI)
program. An experimental structure consisting of a rigid Program for the ground demonstration and validation of
hub with four flexible appendages, supported on an air emerging structures and controls technology. Five
bearing was developed (18,19]. Figure 4 shows the final contracts covering a broad spectrum of CSI issues have
configuration of this experiment. A number of sensing been awarded and the experimental demonstrations are on-
and actuation components such as cold gas thrusters, going at three NASA /AF experimental facilities. One of
proof-mass actuators, hub torquer, and distributed these facilities, located at the Phillips Laboratory, is the
piezoelectric film actuators were used to demonstrate Advanced Space Structure Technology Research
spacecraft retargeting with vibration suppression. It is Experiments (ASTREX) test bed. Central to the
interesting to note that large angle retargeting continues to ASTREX facility is a three-axis large-angle retargeting

LI
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capability and a powerful real-time control computer. The after the structure was thermally cycled, show
experimental structure consists of a dynamically scaled approximately 5% change in the modal frequency.
model of a three-mirror space-based laser beam expander. Changes in system dynamics and the associated
The current configuration of this experiment is shown in degradation in controller performance will be the rule
Figure 5. For further details on this facility, see Ref. rather than an exception. As a solution to this problem,
23. the SDIO Materials and Structures (M&S) Program has

proposed an adaptive structures approach that combines
health and environmental monitoring with static and
dynamic structural control [3].

24
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Also, since 1986, NASA and DoD have jointly sponsored - - -\
the Controls / Structures Interaction Technology --

conference to promote timely dissemation of technical -

information [24-26].

3. ADAPTIVE STRUCTURES
.0,

In addition to the long-term requirements of precision 0 10 2 30 40 So
large space structures, the new SDIO GPALS architecture FRE{UENCY(HZ)'-p
imposed performance and reliability constraints on near-
term systems which were beyond existing state-of-the-art.
None of the space based assets in the GPALS architecture Figure 6 Effect of Thermal Cycling on the Modal
will receive scheduled maintenance. The vibration Characteristics of ACTEX Flight Structure
suppression system aboard these satellites will be required
to autonomously track changes in the system dynamics
and reume itself to deliver the required performance. These The SDIO M & S program has adopted a new concept for
changes in system dynamics could come from many Adaptive Structures (for details see Reference 3 by Obal
causes: inherent uncertainties in the knowledge of plant and Sater). Different types of sensors, either embedded in
dynamics; gradual changes due to outgassing and ageing or attached to certain structures, are used for several
of the structure; sudden damage to the structure due to a functions, such as, structural health monitoring for
threat environment; and/or changes in the components of identification, status, and propagation of cracks; threat and
the control system itself, such as, degradation or failures natural environment measurements; and monitoring of
in one or more sensor / actuator. As an example of system states. The sensory information obtained from
environmentally induced changes in system dynamics, measurements and subsystem diagnostics is processed and
Figure 6 shows the transfer functions for a relatively stored. This information, in conjunction with actuators,
small, stiff composite structure (the structure is part of can be used for static shape control or active vibration
ACTEX flight experiment described later). These suppression. Applications of this technology are only
transfer functions, taken at room temperature before and now becoming achievable as a result of developments in

U -q
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microprocessors and miniature sensors / actuators. Thus composites has provided the structural designer with a

lightweight, miniaturized sensors and actuators, health very powerful tool. For example, with proper choice of
monitoring and intelligent control software, along with graphite fiber and orientation of the various layers, one
advanced composite materials form the cornerstones of the can literally tailor the properties of the resulting structure.
adaptive structures approach. Each of these will be Thus desirable properties such as light-weight, high-
discussed in more detail later. A pictorial representation stiffness, thermal stability, low outgassing, good thermal
of the M & S adaptive structures concept is reproduced conductivity, high-temperature resistance, high corrosion
here in figure 7 (from Reference 3). resistance, etc. could be traded to produce an optimized

structure. Graphite fiber reinforced polymer composites
RESULTS (FRPC) such as graphite thermosets and graphite
1. ENHANCE TARGET thermoplastics along with metal-matrix and carbon-carbon

TRACKING AND HIT
TO KIL composites form a class of promising materials for

2. HEALTH MONITORING
ANDREO•RTING spacecraft applications. However, graphite thermosets

3 T THRAACK have continued to be by far most popular for such
WARNING AND t a otpplrfrscASSESSMENT applications.

MEASUREMENTSI

ENVIRONMENTAL - A graphite fiber reinforced polymer composite and
N R• graphite-reinforced aluminium are expected to, and indeed

SU do, outperform their respective unreinforced matrix
G oApolymer and matrix "monolithic" aluminium in terms of

strength and elastic properties. A simple comparison of
SSTRUCTURES composite properties to reinforcements alone is not

meaningful for graphitic fibers which have tensile strength
and modulus in excess of the composite, but are brittle
and deficient in compression. High modulus graphite,PPuED LOA s fiber, followed by pyrolytic graphite, most nearly

approaches the extremes in tensile modulus and theoretical
Figure 7 SDIO M & S Concept for Adaptive Structures maximum strength of the single crystal. The degree to

which fibers can approach this theoretical limit is
determined by the purity of the fiber, presence of

Although adaptive structures offer some very attractive contaminants, and proper aligning of planes in filaments.
features for these complex, autonomous systems, there Impurities affect the statistical variation in strength
still are many issues to be resolved. Some of these issues properties of filaments through the creation of flaw sites.
will be discussed in the sections that follow. Finally, in The future availability of synthetic fibers promises to
order for system designers to accept this technology, it eliminate these contaminants. Typical fibers in use today
must be minimally intrusive to the design in terms of include T-300, AS-4, IM-7, GY-70, P-75 and P-100.
weight, power, and reliability. These are some of the Fiber types are those predominantly derived from
issues being addressed under the joint SDIO/JSAF polyacrylonitrile (PAN) or pitch precursors.
program.

The most common thermosetting resins are epoxies,
bismaleimides and polyimides with epoxies being the

3.1 Advanced Composites most widely used in spacecraft. Thermal allowable is the
main distinguishing feature among these thermosets.

As discussed earlier, the proposed near-term systems call Two pelvmeric resins attracting a lot of attention because
for high precision from the structure. Not only must the of imprL. 'ed resistance to matrix cracking (from solar
structure be designed stiff to minimize unwanted thermocycling) and possessing very low outgassing
distortions; it must also, in certain applications, provide characteristics are polycyanate resin and
accurate static alignment between specific points. In polyetheretherketone (PEEK) resin. Polycyanates are
addition, these accuracies have to be maintained over long thermosets and PEEK is a thermoplastic. Peak
exposures to large variations in temperature, vacuum, and temperature for processing of graphite/PEEK composites
radiation. These requirerr.c.tts may apply to the entire is 3900 C, far above that of graphite/epoxy thermosets.
structure or only to selecw-d components, such as an
optical bench where boresight alignment between sensors Graphite-thermnoset composites have been widely used in
and linebof-sight jitter are of prime importance. A number military and commercial satellites. Their applications
of structural design concepts have been developed to have progressed from limited use in component and

address these requirements (see Reference 27 for an subsystem designs to various structural applications.
excellent description of some of these concepts and These applications include antenna support structure,
issues). Of course structural design and proper material waveguide and multihom feed support tower and parabolic
selection go hand in hand. The availability of advanced

II
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reflectors [28]. With the popularity of advanced Phillips Laboratory (PL) in cooperation with SDIO,
composites as the material of choice for the construction initiated the ACESA (Advanced Composites with
of spacecraft, it became possible to embed the vibration Embedded Sensors and Actuators) program. Overall
suppression and health monitoring sensors/actuators goals for the program included design, fabrication, and
within the layers of the composite material. This demonstration of composite components containing
provides a truly integrated, survivable control system. embedded sensors and actuators. A variety of sensing and
However, this new demand of transducer embedability actuation mechanisms were evaluated, including fiber
imposes an additional constraint during the composite optic, strain gauge, piezoelectric and electro restrictive
material selection. Since the embedded transducer has to ceramics, and shape memory alloys [33, 34]. This
survive the composite processing, the peak processing evaluation led to the selection of piezoelectric ceramics for
temperature should be kept low enough to not impact the sensors and actuators. Factors such as extreme strain
transducer performance. Recent attempts to embed piezo sensitivity, ability to use simple drive electronics, and
ceramic actuators into graphite/PEEK composites were relative maturity of the basic technology led to this
unsuccessful. The high processing temperature of the selection. A number of practical issues such as sensor /
peek thermoplastic depoled the actuators resulting in a actuator encapsulation techniques, procedure for embedding
significant loss in actuation capability. On the positive the encapsulated devices in graphite epoxy composite
side, piezo ceramic transducers have been successfully structures, and the effect of thermal/vacuum and
encapsulated in a variety of graphite-thermosets, including mechanical loading on the resulting structure were studied.
polycyanates. System level demonstration of the technology was

recently performed using the ASTREX facility. For this
3.2 Integrated Sensors and Actuators purpose, the three 17-ft long, 5-in diameter composite

tubes comprising the secondary mirror support metering
Integrated sensors and actuators are very important truss were targeted for active control. Equivalent active
components of an adaptive structure. Thus, the weight composite members tubes (with flattened sides to facilitate
and power requirements of these transducers is of prime embedding of flat piezo ceramic wafers) and supporting
importance. The impact of excessive sensor and actuator control electronics were fabricated and integrated into the
weight became apparent in the mid 1980s. This and other testbed. Figure 8 shows the layout of a string of actuators
factors resulted in shifting the focus from high authority including colocated and nearly colocated sensors. As
point devices, such as proof-mass actuators and reaction shown, these encapsulated strings were embedded in
wheels, to a search for devices which can provide flattened sections along the length of the tube on all four
distributed sensing and control.

Bailey and Hubbard [29] investigated the use of A -A.,ATM
piezoelectric distributed actuators for structural damping
augmentation. The piezoelectric material used was a ADCN7I" *,CMU, M

PVF2 film bonded directly onto the structure. The PVF2
actuator was shown to provide a high level of damping at 1, 2 U"Y MS

low vibration levels, however, its low authority made it "M CMU

impractical for most applications [30]. Crawley and de
Luis [31] compared a variety of piezoelectric materials for
possible use as actuators. A number of factors were used ,M.,,,NM
in the comparison, including embedability in composites, AU42M$

ratio of strain to applied voltage, and a performance r
criteria derived by maximizing the actuator effectiveness.
The superiority of piezoelectric ceramics over other
piezoelectric materials such as polymer film was '

conclusively demonstrated by this comparison.
Concurrently, Hanagud, Obal and Meyyappa [32]
investigated the use of piezo ceramic sensors and actuators Figure 8 Layout of Embedded Piezo Ceramic Sensors
for active damping of a cantilevered beam. A procedure to and Actuators used on ASTREX Structure
quantify the effects of active damping was developed and
experimentally verified. It was through the effort of these
and other investigators that the feasibility of this sides. These sensor/actuator strings can be paired in
important technology was demonstrated. various ways to provide radial, axial, or tangential controlof the tube. Transfer functions taken with realistic

In 1988, in an attempt to advance the technology of sustained disturbances located near the secondary mirror
lightweight composite structures with embedded control showed a dramatic reduction in the magnitude of targeted
systems from bench-scale proof-of-concept demonstrations structural modes. In many cases, the modes were
to closer to actual applications in space, the USAF overdamped by the control system. A representative set of
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be designed to interface directly with the spacecraft power20 -system (unregulated 28 volt power), require less than 10
watts to operate, and have minimal external interface1 requirements. An individual patch could be used to-OF EN 1.0 .provide local vibration suppression or made to work with0 - , - - - other patches in a global manner. It is anticipated that the

NN I_ modular control patch will reduce the weight and volume
-1 - ,___"__ - of the control system by up to 90% compared to current

-- - - -technology. Figure 10 shows a leading concept for the
patch currently under consideration. This concept uses amultichip module, consisting of a custom ASIC with
analog input conditioning and compensator electronics,

40 2and a high voltage drive amplifier. Overall dimensions of10 20 30 40 ISO o 70 80 90 100 the chip which will contain all necessary powerFREQUENCY (HZ) -conditioning and control electronics are expected to be
within 3.3 cm X 1.7 cm. Design and fabrication of the
multichip module is expected to begin in early 1993.

20---

10- - -

FREQUENCY (HZ) --

Figure 9 Representative Transfer Function of a Sensor ....... .I

Actuator pair with Active Controller OFF and ON

transfer functions with active control OFF (Open Loop)
and ON (Closed Loop) are shown in Figure 9.

Although a number of very important practical issues
related to embedded sensors and actuators were addressed in
the ACESA program, little or no importance was placed
on the size or the power requirements of the associated
electronics. Current SDIO near-term systems have Figure 10 A Concept for Modular Control Patch Usingextremely stringent constraints on power and weight, thus Piezo Ceram ic Sensor / Actuator and Muhtichip Modulerequiring significant reduction in active vibration system
weight and power requirements. Also the option of
embedding sensors and actuators will not be available in 3.3 Intelligent Control
every application. This could be due either to the
incompatibility of the sensors / actuators with processing As mentioned earlier, the long life and minimal groundtemperatures of the selected structural material, or the support requiremerts of the GPALS and other near-termrequirement of retrofitting an existing structure. For these spacecraft require the development of an on-board healthreasons, a concept for a space-durable modular Patch is monitoring and autonomous control system. Such a$being developed. The patch integrates sensing, actuation, system should be capable of autonomously monitoringand control / power conditioning electronics into a self the health of the satellite subsystems, the threatcontained package that can be either bonded to or embedded environment and its impact on the satellite, and detect any

within the structure [35]. The match box size patch will significant changes in key performance parameters. These

i -.- "
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changes could be gradual due to aging of the spacecraft exposure to a combination of environmental effects, on-
structure or mechanical components, or sudden due to orbit experiments become necessary. A series of generic
threat (either natural or hostile) induced damage to technology demonstration and specific technology
components. The components of the control system application experiments are on-going. The testing phase

itself, such as sensors or actuators could demonstrate of each experiment includes ground based functional,
degradation in performance. The objective of the on-board performance, and environmental tests, followed by
intelligent controller is to identify changes in key extended on-orbit demonstrations.
performance parameters, determine the source of the
change if possible, and retune / reconfigure the control The Advanced Control Technology Experiment (ACTEX)
system. This should return the control system to full has been designed to demonstrate active vibration
performance, or if that is not possible, to a graceful suppression using embedded piezo ceramic actuators, a
degradation in performance. technology developed under the ACESA program. This

experiment is scheduled to fly as a secondary payload on a
Research in intelligent control for precision space DoD satellite in 1994. The test structure consists of a
structures is progressing along a number of cantilevered graphite epoxy tripod with embedded piezo
complementary paths; two of these are described here. de ceramics, approximately 60 cm X 30 cm X 25 cm in size
Luis et al [36] investigated highly distributed actuator, (see figure 11). It is designed to be externally mounted on
sensor, and processor networks integrated with the the payload deck of a host satellite and will thus be
structure. This approach makes a large number of sensors exposed unprotected to the rigors of space environment.
and actuators available to the control system designer. It The structure is well instrumented with accelerometers and
also allows implementing distributed control logic with thermistors in order to determine the dynamics of the
the computational load shared among a number of structure and evaluate the performance of the control
distributed processors. In such a control architecture, the system over a wide range of orbital environments and over
failure of an individual sensor or actuator becomes much a long orbital life. Orbital life of 2-3 years is anticipated.
less critical to the overall performance, providing a degree
of fault tolerance.

More recently, work has also started in the use of neural MOUNTING BRACKET

networks for autonomous system identification along with
rapid failure detection and control system reconfiguration
[37, 38]. Hyland used a neural controller consisting of SMART STRUT
two blocks: a system replicator block, which TRI-AXIAL
autonomously builds a model of the plant with no prior /ACCELEATOR
information; and a control adaptor network which adapts T-THERMOSTAT
the system dynamic compensation to produce the desired
closed loop response. Preliminary experiments in system
identification and control have produced encouraging
results. However, on-going investigations have barely
scratched the surface and much more work has to be done
before the true potential of this technology can be
assessed. With this in mind, in 1991 PL initiated a
focussed program in neural network controller
methodology development, proof-of-concept experiments,
and system level demonstrations. 1EATE

4. TECHNOLOGY DEMONSTRATION
EXPERIMENTS Figure 11 Forward View of the ACTEX Tripod Structure

Showing the Location of Various Instrumentation
Finally, ground based and on-orbit technology
demonstration experiments form an important component
of the overall adaptive structures effort. The long-term Besides conducting on-orbit structural characterization and
survivability and fault tolerance of any emerging vibration suppression experiments, the structure is
technology, like adaptive structures, to space environment equipped with a mechanism to change the dynamics of the
must be adequately demonstrated before it can be tripod by stiffening a set of flexures. This changes the
considered mature for applications in operational space frequency of the first two modes by 10% and 20%
systems. Many of the space environmental effects such as respectively. This capability will be used to demonstrate
thermal cycling, vacuum, and radiation can largely be the ability of the control system to adapt to significant
simulated in ground based test chambers. However, in changes in system dynamics, an important requirement
order to access the long-term effects of simultaneous for future systems.

S.. .. ...
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Figure 12 shows the effect of active damping measured on spacecraft, is the cryocooler itself [3]. Cryocooler
the tripod structure. Typically, as expected, damping generated vibrations can reach the sensor focal plane array
between 10% to 20% has been observed for the targeted through two alternate paths: first, the cryocooler cold
modes. finger is in thermal contact with the sensor focal array via

a copper strap, which can also provide a path for
vibrations; second, the common structure to which both

0 - ------------- the cryocooler and the sensor are mounted also serves as a

0- - OPLl 1 "- - path for transmitting vibrations.

A --- Although a number of approaches existed to reduce the

6-20 - effect of the latter, cold finger bourne vibrations could
J I only be reduced using a compliant thermal strap at the

cost of additional thermal load on the cryocooler.
40 Recently the Jet Propulsion Laboratory (JPL), under

SDIO M&S funding, demonstrated a novel method for
reducing these vibrations. Small sections of curved, thin

* - --- piezo ceramic actuators are bonded onto the root of the
-70 - Y cold finger, which is at room temperature during

FREQUENCY (HZ) operation. It is anticipated that these actuators will reduce
_____ FREUENCY_(__) _____-_ the lateral vibrations of the cold finger by a factor of 2 to

5 in the 0 to 200 Hz range. Based on this approach, a

flight experiment is currently under fabrication at JPL.

0 -CLi.SEI LO P See Figure 13 for a schematic of the experiment.

002 -- 0 (3 - 1200)

30- -) Accelerometer Piezoceramic"FR4ENY 0/ Applique

9 " Eddy Current-60 Sensor
.7 F- ) Cl (3 @ 1200)

FREQUENCY (HZ) -- ' , TI Tactical

Stirling-Cycle

"Fir 1Cryocooler

Functions Measured on the ACTEX Tripod Structure
Flexures

ACTEX was planned and executed as a low cost flight
experiment with minimal redundancy, quality assurance
and documentation. It was felt that low cost and rapid
turnaround were essential for sustained funding for such an
experiment. The entire design, fabrication, and ground
testing of the experiment was successfully completed over
a 1-year period ending in July 1992. Figure 13 A Schematic of Cryocooler Cold Finger

Vibration Suppression Experiment

Whereas the ACTEX experiment will demonstrate the

maturity of generic adaptive structures technology, two
other experiments are investigating specific applications. An alternate approach for vibration reduction is also
Sensor jitter has always been a matter of grave concern for demonstrated on this experiment. The cryocooler is
optical surveillance systems and OPALS space assets are mounted on three low voltage piezo stacks, equally spaced
no exception. Typically, Stirling cycle cryocoolers are 1200 ap.rL Thus the entire cryocooler can be rotaled to
used to keep the infrared space surveillance sensors at their keep the tip of the cold finger from moving. The
operating temperature. Unfortunately in many cases, one experiment is scheduled to fly on a British technology
of the leading sources of jitter, given a quiescent demonstration satellite in late 1993 or early 1994 to
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obtain space durability data in a high radiation for flight application. A number of options for on-orbit
environment. It will demonstrate an important demonstration of the technology are being explored.
technology for GPALS systems where cryocooler induced
vibrations may lead to increased sensor jitter. Finally, a number of new adaptive structures technology

application experiments are under consideration. In one
Besides cryocoolers, another major source of spacecraft such application, a precision optical bench is proposed for
line-of-sight jitter is the solar array system. The solar development. This bench will use high modulus advanced
array vibrations can be caused either by stepper motors composites with co-cured viscoelastic damping to provide
used in array drive, or by satellite housekeeping activities a stiff, yet damped surface for mounting optical sensors.
such as attitude control thruster firings. Under the SDIO The entire optical platform will then be mounted on active
funded Advanced Materials Applications to Space isolation mounts to isolate it from spacecraft bus boume
Structures (AMASS) program, structurally integral active vibrations.
and passive vibration damping techniques are being
applied to a representative yoke-type solar array support 5. CONCLUSIONS
system. Again, active damping is provided via embedded
piezo ceramic sensor/actuator technology developed under The preceding sections of this paper have surveyed the
the ACESA program. In this case, the solar array yoke development of vibration suppression technology for large
struts have been constructed using graphite-polycyanate. space structures, leading to the joint SDIO/USAF adaptive
As mentioned earlier, this new thermoset resin exhibits structures program. This adaptive structures approach
lower outgassing and higher resistance to microcracking provides a mechanism for autonomous on-orbit health and
than other thermosets. Viscoelastic passive damping threat monitoring combined with static / dynamic
materials have been used to provide over 10% of critical structural control; an important requirement for many
damping in the joint between the solar array drive future systems. It is anticipated that future work will
assembly and the spacecraft bus. Three different continue to focus on application of this important
viscoelastic materials had to be used to provide the desired technology to DoD systems.
damping over a temperature range of 30 to 1200 F. A
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SUMMARY extremely flexible and will have subsystems
which are sensitive to motion or vibration

A modal analysis study, representing one of and are subject to a variety of disturban-
the anticipated "Cooperative Spacecraft ces.
Structural Dynamics Experiments on the NASA
Langley CSI Evolutionary Model", has been As a consequence spacecraft structural
carried out as a sub-task under the dynamics, with its heavy impact on space-
NASA/DLR collaboration in dynamics and con- craft control, has become a topic of in-
trol of large space systems. The CSI evolu- creasing importance in the recent years.
tionary testbed (CEM) is designed for the This increasing importance is a result of
development of Controls-Structures Inter- the need for reliable analytical structural
action (CSI) technology to improve space models for pointing precision, flight path
science platform pointing. For orbiting control, vibration reduction, structural
space structures like large flexible dynamic analysis, control system design and
trusses, new identification challenges health monitoring.
arise due to their specific dynamic charac-
teristics (low frequencies and high modal While spacecrafts launched to date undergo
density) on the one hand, and the limited excessive testing, including system identi-
possibilities of exciting such structures fication studies to improve their mathe-
and measuring their responses on orbit on matical models, often using full flight
the other. The main objective of this study hardware, for large space structures on-
was to investigate the modal identification orbit testing in their subsequent assembly
potential of several different types of stages will become necessary 11,21. These
forcing functions that could possibly be structures will be characterized by low
realized with on-board excitation equipment mass, high flexibility, high modal density,
using a minimum number of exciter loca- low natural frequencies, nonlinearities and
tions as well as response locations. These low damping. Due to the zero-g environment,
locations were defined in an analytical rigid-body motions will interact with
test prediction process used to study the flexible body motions of the structure.
implications of measuring and analysing the Reduced "controllability", as the excita-
responses thus produced. It turned out that tion is limited to only certain forcing
broadband excitation is needed for a functions as well as exciter locations, and
general modal survey, but if only certain a confined "observability", due to the
modes are of particular interest, combina- limited number of sensors resulting from
tions of exponentially decaying sine func- weight and cost considerations, are the
tions provide favourable excitation con- problems dynamicists will have to cope with
ditions as they allow to concentrate the (3]. Disturbances arising, for example,
available energy on the modes being of from changes in temperature will allow only
special interest. From a practical point- certain restricted time windows for data
of-view structural nonlinearities as well acquisition [4].
as noisy measurements make the analysis
more difficult, especially in the low fre-
quency range and when the modes are closely 2. CURRENT RESEARCH WORK
spaced.

The subject of on-orbit testing of space
structures is being considered by several

1. INTRODUCTION programs. The Controls-Structures Inter-
action (CSI) program [51 is a focused tech-

Future space missions will require new nology program that is examining ways to
methodology for controlling space struc- improve spacecraft stability and pointing
tures. The challenge lies in their com- performance. The program is examining three
plexity, extreme flexibility, size, *nd areas: spacecraft structure and controller
accuracy requirements. Optics of large design, spacecraft ground testing, and
space telescopes will have to be assembled flight verification.
in orbit and kept focused and pointed,
science platforms will contain several The Dynamic Scale Model Technology (DSMT)
instruments and antennas which must be (6) concentrates on research to adapt the
pointed independently, while each of the use of scale models, which are currently
instruments is affecting the performance of used in aircraft and have been used in
each other, and any space station will be several large launch vehicles, as a tech-

TV ---
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nology to support large spacecraft ground 3. OBJECTIVES OF THIS STUDY
verification.

The NASA LaRC CSI Evolutionary Model (CEM)
Perhaps the most amount of work on on-orbit [16] offers the opportunity to study and
testing has been performed in relation to solve some problems of the on-orbit identi-
the Space Station Freedom (SSF). NASA is fication sub-technology task. The struc-
planning an on-orbit modal test of Space ture, shown in Fig. 1, is a double-cruci-
Station Freedom, termed the "Space Station form truss (about 16 m long) with two
Structural Characterization Experiment" vertical towers. It was designed to study
(SSSCE) [7], which would consist of a problems related to multi-sensor space
series of modal tests on the evolving space platforms.
station structure. Results from the experi-
ment could be used to correlate analytical The study reported here focuses on the in-
models and to evaluate modeling and testing vestigation of the modal identification
methods for large space structures. Some potential of different types of forcing
work has already been done comparing modal functions and the development of excitation
identification techniques [8], selecting functions which will allow the concentra-
suitable techniques like the polyreference tion of the available energy into one, two,
method [9] and the Eigenvalue Realization or several selected target modes by tuning
Algorithm (ERA) (10], and adapting these the frequency content of one or more
methods for this particalur problem. exciter forces to the corresponding mode
Blelloch et al. [11] have developed a Modal frequencies. The forces may be applied by
Test Simulation (MTSIM) software tool to reaction jets, momentum wheels, or internal
simulate on-orbit testing of Space Station force producing devices. The target fre-
Freedom using an SSF finite element model. quencies are initially taken from a mathe-
The structure is assumed to be excited by matical structural model. As these frequen-
reaction control system jet firings using cies do not necessarily coincide with the
random and modulated random forcing func- real-life frequencies of the structure, the
tions. Specific work has been done by Kim effects of a frequency mismatch and the
[12] and Kim et al. [13] designing random possibilities of a frequency updating are
excitation individually for each configura- considered.
tion of the SSF which could be used with a
free-decay time-domain technique for the
on-orbit modal identification. 4. DESCRIPTION OF THE CSI EVOLUTIONARY

MODEL TESTBED
Efficient sensor placement for on-orbit
modal identification as well as mode-order NASA Langley's CSI Evolutionary Model Phase
reduction, taking into account that the 0 is a testbed for the development of CSI
structure will be assembled sequentially or technology to improve space science plat-
even modified after years of operation, is form pointing. The evolutionary nature of
discussed by Kammer et al. [14]. The this testbed permits the study of global
authors propose to select a limited number line-of-sight pointing in phases 0 and 1,
of dynamically important target modes using whereas multi-payload pointing systems will
the amount of mass in each mode shape be studied beginning with phase 2.
participating in each of the six rigid body
directions (effective mass) as the main The CEM has been designed to possess dyna-
criterion. AS the effective mass is identi- mic properties typical of spacecraft plat-
cally zero for free-free systems a Graig- forms proposed for remote sensing and
Bampton representation (see [14]) is gene- communications. As such, unwanted inter-
rated by constraining the sequentially actions between sensor pointing control
assembled structure at the actuator loca- systems and the flexible body dynamics of
tions and the interface points to the next the platform can be qualitatively assessed.
phase. Fixed interface modes are computed Figure 1 shows the phase 0 version struc-
and ranked according to their importance tural platform consisting of a long truss-
using a measure called "effective excita- bus and several appendages with varying
tion mass". The sensor placement problem is degrees of flexibility. The truss-bus is
approached from the standpoint of the esti- constructed from 62 0.3 m cubical bays.
mation theory. Four horizontal appendages consist of 10

bays each. Two vertical towers consist of
A simulated on-orbit modal test has been 11 bays and four bays, respectively. The
performed on the JPL Precision Truss by truss is made from aluminum tubes and node
Chen et al. [15], using active members as balls. Threaded steel rods connect the
the excitation source. The authors point tubes to the node balls. In addition to the
out that active members, as opposed to truss, the structure contains a reflector,
reaction jet facilities or momentum wheels, which had been included to simulate large
would not considerably increase the weight appendages typical for space platforms. The
and volume of the spacecraft. Only elastic reflector is a 5 m diameter ribbed struc-
motions would be excited, thus decoupling ture with a flat mirror at its center.
rigid-body dynamics from the modes of
interest, which often are the flexible A low-powered laser is mounted to the
ones. Their results indicate that such a eleven b~y vertical tower such that the
test can produce as good or even better beam reflects upon the reflector's mirrored
modal parameters as those obtained using surface. The beam reflection is measured by
conventional excitation techniques. a photo-diode array attached directly above

the reflector at the ceiling. This laser-
reflector-detector system enables the glo-
bal line-of-sight pointing to be measured.

The structure is suspended by two cables.
These cables are attached to two support I
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points in the ceiling of the test facility. Exponentially Decaying Sinusoidal
The primary suspension cables are yoked Excitation
such that four points on the CEM are con-
nected to the suspension system. Two linear This is a selective type of transient exci-
extension springs are attached near the tation which may be tuned to particular
ceiling to reduce the effect of the suspen- modes of special interest. It is defined by
sion system on the CEM flexible body dyna- a sum of exponentially decaying sinusoids:
mics. n

Several different types of sensors and p(t) p -p* e-i t* sin (2nfit), (1)
actuators are available for use with the i-1
CEN testbed for both control and system
identification (ID). The primary sensors with pi - initial amplitude of component i
are accelerometers. Two types of accelero- fi - frequency of component i
meters are available: 18 servo accelero- -i - decay. rate of component i
meters which can be used for low-frequency n - number of components (target
system ID, and a total of 195 piezo-film frequencies)
accelerometers for acceleration measure-
ments above 1 Hz. A maximum of 16 air The frequencies of the exponentially
thrusters at 8 locations can be used to decaying sinusoids refer to the selected
excite the structure. They are operated in target flexible-body modes of vibration,
pairs (forming together an "exciter") to predicted with the CEM finite element model
insure pure translational forces when and eventually updated using the prelimi-
mounted on opposite sides of a truss bay. nary data analysis results of the
Each thruster produces a peak load of 10 N. preceeding excitation cases.

This type of excitation was applied to the
5. TEST PROGRAM structure using each of the thruster pairs

separately. For each excitation location,
The test program was characterized by the the excitation frequencies, fi, were chosen
variants of the excitation conditions. to coincide with the estimated eigenfre-
Three fundamentally different types of quencies of the selected modes. As in the
forcing functions were applied using the impulse excitation case, each test was
air thrusters as exciters: repeated five times for averaging purposes.

- band-limited random noise To study the effect of a mismatch of the
- impulse excitation frequencies with the true struc-
- sum of exponentially decaying sinusoids tural eigenfrequencies, two additional

tests were performed at a single excitation
Random Excitation location. In the first test, the excitation

frequencies were detuned a small amount,
This type of excitation was characterized whereas, in the second test, the excitation
by a uniform distribution of energy over frequencies were detuned a considerably
the frequency range of interest. Four pairs larger amount.
of air thrusters were selected to simul-
taneously apply an uncorrelated excitation The choice of the decay rates, al, must
to the structure. The band-limited random take into account both the modal damping
excitation spectrum was defined by a con- properties of the test article and the data
stant power spectral density between the acquisition requirements with regard to
lower and upper frequencies of interest. In leakage effects. From the latter point of
this case, the lower and upper cut-off fre- view it is desirable to have high values of
quencies were chosen to be 0.04 and 10 Hz, a, to ensure a quick decay of the response
respectively. The CEN analytical model was amplitudes. On the other hand, a low decay
used to size the magnitude of the excita- rate is desirable to put a maximum of exci-
tion at a level that would keep the struc- tation energy into the structure. By way of
ture's response within predifined safety an analytical simulation it was found out
limits. For averaging purposes, the test that 1 percent is a reasonable order of
was repeated 20 times resulting in approxi- magnitude. The duration of each test was
mately 1 hour of tasting time. approximately 160 seconds.

Impulse Excitation Figure 2 gives a graphical representation
of the frequency contents of the three

Impulse excitation was applied to the types of forcing functions descibed above.
structure using each of the four thruster The random excitation, in Fig. 2a, is
pairs, individually. The impulse was characterized by a constant power spectral
defined by its magnitude and duration. density between the upper and lower fre-
These parameters were chosen to produce an quency bounds. The impulse excitation, Fig.
impulse with sufficient energy over the 2b, shows a loss of power when approaching
frequency range of interest (0-10 Hz). Five the upper frequency bound. The characteris-
test runs, at each of the exciter loca- tic peaks in the third function, Fig. 2c,
tions, were performed for averaging purpo- which corresponds to the decaying sinusoi-
sea. The duration of each test was about dal excitation, show the concentration of
160 seconds. energy at the frequencies of interest.
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6. ANALYTICAL TEST PREDICTIONS Modal Assurance Criterion (MAC) [17). Per-
fectly correlated mode shapes have a MAC

The existing NASTRAN finite-element model value of 1 while uncorrelated shapes have a
of the CEN has been used for the pre-test MAC value of 0. By iterating on the sensor
analysis. Although this model does not location (modifying locations and recom-
predict the CEM dynamics exactly, there is puting/correlating the reduced model's mode
a reasonably good agreement below 5 Hz and shapes), a target MAC value of 0.95 was
for several global modes above 5 Hz. achieved for all the target modes.

The FEM, shown in Fig. 3, has about 650 Selection of Exciter Locations
grid points with almost 4000 degrees-of-
freedom. The model contains about 1600 bar An attempt was made to minimize the number
elements, representing the truss structure, of exciters needed to properly excite the
some rod elements, representing the suppor- target modes. For that purpose forced
ting cables, about 100 plate elements, responses were computed for all of the se-
modeling parts of the reflector and the lected response locations and given excita-
thrusters, about 40 spring elements, tion functions at any of the available 8
modeling the air supply hose stiffness, and exciter locations. From this data, mode
some concentrated masses. Eighty-six modes indicator functions and power spectra [17]
were predicted below 50 Hz. Thirty-six of were computed. The mode indicator function
these modes are below 10 Hz. An example (MIF) provides a tool to detect and locate,
plot of the first truss-bus Z-axis bending by frequency, normal modes of vibration.
mode is shown in Fig. 4. The power spectrum (or significance func-

tion, SIF, which is the square root of the
Selection of Target Modes power spectrum, normalized to its maximum

value) indicates how strong a mode is exci-
Since the object of this work was to study ted. The combination of these two tools
excitation techniques and not to completely provides a means for assessing each exciter
identify the CEM, the frequency range of location's contribution to exciting the
interest was confined to below 10 Hz. Of target modes. By comparing MIF and SIF
the thirty-six modes below 10 Hz, twelve functions, redundant exciters may be
can be considered "global". For this study, systematically eliminated.
a "global" mode is a mode which exhibits
most of its motion in the truss or reflec- MIFs and SIFs were calculated for all load
tor. Table 1 lists all predicted frequen- cases and compared in detail. For example,
cies below 10 Hz. The "global" modes are the upper part of Fig. 6 shows an overlay
marked with an asterisk. These twelve of the MIFs computed using an impulse exci-
"global" modes were chosen as the target tation applied, separately, to all of the
modes. available eight exciter locations. The

lower part of Fig. 6 shows the remaining
Selection of Response Locations MIFs after systematically eliminating four

exciters. Apart from the frequency ranges
A simple iterative procedure was used to around 8 Hz and around 9.5 Hz, the plots
select and minimize the number of response illustrate that, despite the elimination of
locations. The procedure began with four exciters, all the dominant modes were
defining a primary set of locations from excited.
which the final set was chosen in order to
achieve a sufficient level ef mode shape The SIFs show the same trend with the added
observability. information that none of the exciter loca-

tions excites the modes well in the fre-
The primary response location set was quency band of 8 Hz to 9.5 Hz.
generated by analyzing the target mode
shapes and identifying the locations of the A summary of the modes which can be excited
maximum displacements on the truss-bus and by any one of the selected exciters is
appendages. Sixteen locations were identi- given in Table 1. A "Y" indicates that the
fied using this method. Additionally, eight mode is excitable, and a "-" means not
locations on the reflector were added to excitable. The positions of the selected
the primary set; four locations were evenly exciters 1, 2, 6 and 7 and the respective
spaced at the ends of the ribs, and four force directions are shown in Fig. 5.
locations were located next to the mirror.
Two additional locations were picked at the Prediction of Test Results
branching points of the two suspension
cables. These locations were included to Two typical examples of calculated respon-
provide information on the suspension cable ses are given in Fig. 7. The curves dis-
modes. As a final addition, the driving played in the two plots are totally diffe-
point locations were also chosen. In rent, although they refer to the same
summary, the primary location set consisted response location. This is due to the dif-
of 24 tri-axial response locations and 4 ferent types of excitation forces which
uni-axial drive-point response locations, were used to excite the structure. In the
These locations are shown in Fig. 5. first case, an impulse was used. A rela-

tively small amount of energy is put into
Once the primary response location set was the structure due to the short duration of
identified, the response locations were the impulse. This results in a low excita-
fine-tuned through the following procedure. tion level (see left curve). In the second
First, a Pot substructure was constructed case the decaying sine type of excitation
using Guyan reduction and the primary loca- had been employed. The three target fre-
tion set as the master degrees-of-freedom. quencies 1.5 Ha, 1.9 Hz and 4 Hz were
Next, the mode shapes for this reduced chosen to construct the forcing function.
model were computed and compared with the The m1 were set tn 1 percent. As can be
original model's mode shapes using the seen easily from the second curve the 1



4-5

response amplitudes are much higher and the be a consequence of inadequate excitation
decay rate is much lower compared to the of the reflector.
first one. This accounts for a clearly
improved excitation of the target The identification results corresponding to
frequencies. the target modes using the three different

excitations can be described as follows:
The identified frequencies do not differ

7. TEST RESULTS very much between the excitation cases.
This indicates that there is sufficient

Once the test program was completed, the energy provided by any of the excitations
test data were available in the form of to estimate frequencies. However, the
time histories. These time histories were damping and mode shape estimates do differ.
post-processed into frequency response In general, the estimated damping is higher
functions. The frequency response functions for the random excitation case. This is
were then analyzed using a combination of most likely caused by the signal proces-

* direct parameter, complex exponential, and sing, required to eliminate leakage in the
polyreference techniques [17] to derive frequency response computation [171. The
modal parameters and mode shapes. In the random excitation case also required the
following discussion the random excitation longest test and post-processing time

Scase will be used to present a general because of the larger number of averages
analysis of the structure. This will be required to obtain a satifactory confidence
followed by a comparison of the excitations on the frequency response function. The
in determining the modal parameters of the best mode shape estimates of the target
target modes. The discussion ends with an modes were produced using the decaying sine
analysis of the effect of frequency mis- data. The improved mode shapes can be
match using the decaying-sine excitation, attributed to the concentration of excita-

tion energy at these target modes. In both
Using the multi-point random excitation the random and the impulse excitation cases
(all four exciters active), mode indicator the excitation energy is spread evenly over
and significance functions were computed. the frequency range, while the decaying
These functions are shown in Fig. 8. In sine excitation attempted to concentrate
general, four effects are illustrated in the energy around the target modes. How-
these plots: ever, the decaying sine excitation produces

better target mode information at the
1) The structure has a high modal density expense of the non-target modes.

in the analysis frequency range. This is
illustrated by the number of peaks in It should be noted that the test and pro-
the MI? plot. cessing time for both the impulse excita-

2) There appears to be a significant amount tion and the decaying sine excitation did
of noise below 1 Hz. This is indicated not differ. However, the impulse excitation
by the rising "noise floor" below 1 Hz case produced data sets that were more
in the MIF plot. inconsistent (different identification

3) The multiple peaks, which are grouped results depending on the shaker location)
around a single frequency in the MIF, than the decaying sine excitation. This may
may indicate nonlinearities. be attributed to nonlinearities which were

4) The differences in the number of peaks much more detrimental to the analysis in
between the MIF and SIF plots show that the impulse tests than in the decaying sine
only a low number of modes were excited and random tests. Another reason might be a
well enough for an easy identification. lower signal-to-noise ratio for the impulse

data due to the lower level of relevant
A general identification was performed energy input to the structure.
using the random excitation data. The
results are given in Table 2. This table The final test involved the analysis of the
presents the modal parameters of the effect of a frequency mismatch between
existing analytical model, the identified excitation and modal frequency in the
modal parameters, the relative differences decaying sine excitation. Four target fre-
between the test and analysis frequencies, quencies were used to generate an excita-
and a short description of the mode shapes. tion: 1.51, 1.91, 5.38 and 8.37 Hz. These
The identification of the rigid body modes frequencies were then detuned by 5 and 20
(eigenfrequencies below 1 Hz) was difficult percent, respectively. Auto-power spectra
due to noisy measurements. However, most of of these three excitations (marked with
the noise could be attributed to the piezo- "l", "2", and "3") as well as of the cor-
film sensors which do not produce reliable responding driving point responses are
signals below 1 Hz. By using the servo- shown in Fig. 9. The frequency shifts cause
accelerometers alone, which have good re- the excitation level to vary considerably
sponse down to DC, the rigid body modal for certain target frequencies as can be
parameters could be estimated. The fun4a- seen from the horizontal arrows marking the
mental flexible modes at 1.47, 1.74 and values of the response spectra at the
1.88 Ha, as well as a few higher "truss" target frequencies. The considerable drop
modes, could be identified easily. These of the response amplitudes due to the fre-
modes also correlated very well with the quency mismatch generally will adversely
analytical model. In contrast mo4es with effect the identification result. In fact,
significant reflector notion were not the third bending mode at 8.4 ms could not
easily identified, and they did not corre- be identified any more after a frequency
late well with the analytical model. Two shift of 20 percent.
fundamental "reflector" modes, "Y-bending"
and "umbrella mode", have no representation
in the finite element modal. On the other
hand a number of analytical "reflector"
modes could not be identified. This night

, -%
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the work performed: the International Forum on Aeroelasti-
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1) Forcing functions which consist of Germany, June 5, 1991, pp 265-274
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to be favourable excitations for the 7. Cooper P.A. and Johnson J.W., "Space
identification of a limited number of Station Freedom On-Orbit modal Identi-
target modes. No repetition for avera- fication Experiment - An Update",
ging purposes is needed, leading to a Presented at the 2nd USAF/NASA Workshop
considerable reduction in testing time on System Identification and Health
compared to random excitation testing. Monitoring of Precision Space Struc-
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2) Frequency mismatches due to modeling pp 683-714

errors do not significantly influence
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Figure 1. NASA Langley's CSI evolutionary
testbed
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FREQUENCY /HZ

Figure 2. Schematic spectral representation
of the exciter forcing functions
a) random, b) impulse, c) expo-
nentially decaying sinusoids

I DE: 8 FREQU.: 1.7382 HZ

Figure 3. Finite element model of NASA
Langley's CS8 evolutionary model

Figure 4. Typical analytical mode shape
calculated with the CR finite
element model
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MODE FREQUENCY PAIR OF THRUSTERS
NO. [HZI 1 2 6 7

1 0.147 Y - - Y
2 0.149 Y - - Y
3 0.155 Y - - Y
4 0.730 - - -

Thruster 7 6 0.874 - - - -

rster 7 * 1.473 Y - - -

8 * 1.738 - Y - -

hruster2 9 * 1.882 Y - - -
10 2.294 Y - - -

11 2.535 - - Y -
12 2.829 - Y - -

13 3.419 - - - Y14 3.486 - - -

Thruster 1 * Tri-Axial Struct Cell Accelerometer 15 3.582 - - - Y

@Used for the System ID Study 16 4.008 Y - - -

17 * 4.032 - - Y -

Figure 5. Locations of trn-axial accelero- 18 4.201 Y - - -

meters and selected pairs of 19 * 4.391 - Y - -

thrusters 20 5.028 Y Y Y Y
21 5.034 Y Y Y Y
22 * 5.498 Y - - -
23 6.178 - Y - -

INDICATORFUICTION 24 * 6.229 - - Y -
25 * 6.471 - - - Y
26 * 6.670 - - - Y
27 * 7.372 - Y - -

28 * 8.291 - - Y -
4' 29 * 8.405 Y - - -

30 8.450 - -31 8.823 - - Y -
___ 32 8.922 0- - Y33 8.966 Y - - -

0 2 4 6 8 FREQUENCY/H2 35 9.215 - Y - -

_ J36 9.834 - - Y -

-:...M *) Nodes of special interest
Y) Mode can be excited

li !' (f (-( I'r~..• 1•Table 1. Modes of special interest and the

, ,., ability to excite them with the
61 - tOselected pairs of thrusters0 2468 10

FREQUENCY/Hz

Figure 6. Calculated MIFs for impulse exci-
tation applied to all available
eight exciter locations (upper
plot) and four selected exciters
(lower plot)

'Y (10-3m) RESPONSE TO EXPONENTIALLY
20

Y (103m) RESPONSE TO IMPULSE EXCITATION DECAYING SINUSOIDAL EXCITATION

5

0
0 :-,-, . ... .. .............. . ........

0o

TIME/sec 100- TIME/sec 100

figure 7. Calculated responses at a certain response location using a) impulse,
b) exponentially decaying sinusoidal excitation
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INDICATORFUNCTION -1 AUTO SPECTRA

2 1) NO MISMATCH
2) 5 PERCENT MISMATCH
3) 20 PERLENT MISMATCH

[H i\]EXCITER FORCE RESOE

0 24 6 FREQUENCY/Hz 10

SIGNIFICANCEFUNCTION - 0I

I l -5I

-II 3~ 2

0 2 4 6 8 1010A-- FREQUENCY/Hz

e - FREOUENCY/Hz

Figure 9. Effect of a frequency mismatch on
Figure 8. Indicator and significance func- the identification potential of

tions for the multi-point random expoientially decaying sinusoidal
excitation test excitation

ANALYTICAL MODEL RANDOM TEST FREQUENCY DESCRIPTION
FREQUENCY DAMPING FREQUENCY DAMP. DIFFERENCE OF THE IDENTIFIED MODE SHAPE

[Hz] [%] [HZ] 1%] 1%]

0.147 5.7 0.167 4.0 -12,0 RIGIB BODY X-TRANSLATION

0.149 7.5 0.162 4.4 -8.0 RIGID BODY Y-TRANSLATION
0.155 7.5 0.182 5.5 -14.6 RIGID BODY Z-ROTATION
0.730 0.7 0.730 1.0 0.7 RIGIB BODY Y-ROTATION
0.748 0.7 0.748 1.0 0.4 RIGID BODY Z-TRANSLATION
0.874 0.2 0.901 0.4 -3,1 RIGID BODY X-ROTATION

1.473 0.2 1.506 0.2 -2.2 TRUSS X-TORSION
1.738 0.3 1.733 0.4 0.3 TRUSS 1ST Z-BENDING
1.883 0.3 1.908 0.4 -1.3 TRUSS 1ST Y-BENDING

--- 2.782 1.6 --- REFLECTOR Y-BENDING
2.839 0.1 3.180 0.5 -10.7 REFLECTOR X-BENDING
3.419 0.1 3.228 0.4 SUSPENSION CABLE X-BENDING

3.486 0.1 3.234 0.3 LINEAR COMB. OF CORRESP. FE-MODES

--- 3.409 0.4 --- REFLECTOR UMBRELLA-MODE

4.032 0.1 4.070 0.3 -0.9 TRUSS 2ND Y-BENDING
4.392 0.1 4.381 0.5 0.3 TRUSS 2ND Z-BENDING

5.501 0.1 5.376 0.7 2.3 REFLECTOR TORSIONAL MODE
6.179 0.1 6.001 0.9 3.0 REFL. UMBRELLA-NODE 1)
6.231 0.1 7.160 0.7 -13.0 REFLECTOR Y-BENDING 1)

6.471 0.1 6.207 0.3 4.2 HORIZONTAL APPENDAGES X-BENDING
6.670 0.1 6.739 0.2 -1.0 TOWER X-BENDING

7.372 0.1 7.368 0.4 0.1 TRUSS 3RD Z-BENDING
8.368 0.1 8.293 0.3 -0.8 TRUSS 3RD Y-BENDING

8.456 0.1 8.870 0.4 -4.7 REFLECTOR X-BENDING 1)

8.966 0.1 9.188 0.2 -2.4 TRUSS AND APPEND. LOCAL BENDING

1) REFLECTOR'S RIBBED STRUCTURE ROVING OUT-OF-PHASE VS. MIRROR AT ITS CENTER

Table 2. Comparison of the modal parameters identified using random excitation and those of
the existing analytical model

-v.. U S



f Smart Materials for Helicopter Rotor Active Control

H. Strehlow, HK Rapp
Eurocopter Deutschland GmbH

P.O. Box 80 1140
8000 Mtlnchen 80, Germany

SUMMARY ' shear strain
A major improvement of helicopter performance and o, longitudinal stress, N/mm2

comfort can be achieved by the implementation of rotor % shear stress, N/mm 2

active control technology (RACT). Especially the intr- 0,8 twisting, deflection angle
duction of individual blade control (IBC) is a subject of
current research activities. But the breakthrough of this
technology is still missing due to the lack of appropriate Wl geneized coordinated'sope of the fundamental bending mode
rotating blade actuation systems. Smart materials may
open a new possibility for the realisation of rotor active Q nominal rotor speed, l/s

Scontrol. equivalent blade lead-lag deflection

A survey of current hydraulic individual blade actuation Subscript:

systems shows that these are very complicated and heavy. 0 structure without piezoceramic material
Blade actuation by smart materials offers the chance for E electrical
an electrical system integrated into the blade itself. A N Neck
study of different blade actuation systems shows that in p piezoceramic material
principle there is the possibility of achieving this goal. lead-lag bending
But, today the available materials are not ready for real
"smart" applications. The preferred materials - piezo- 1. INTRODUCTION
ceramics - show a too low tension strength and very low One of the most recent trends and promising concepts is
active strains. Therefore, at this time the only feasible the incorporation of smart materials technology in the
blade actuation system forindividual blade control seems construction of the next generation rotary-wing aircraft.
to be a hinged flap at the outer third of a rotor blade. This There are three areas where smart materials are likely to
flap can be controlled by a smart (piezoelectric) actuator. play an important role for future aircraft:
Estimations have shown that such a system will work in - Rotorcraft Health & Usage Monitoring,
the desired way. • System Monitoring,

- Vibration Signature,
LIST OF SYMBOLS - Blade Shape Control,

Cq stiffness coefficients, N/mm2  - Rotor Active Control,
S# compliance coefficients, mm2/N * Blade Impedance Control,
eq piezoelectric coefficients, N/Vmm • Individual Blade ControL
4, piezoelectric strain coefficient, m V The development of reliable low cost health and usage

, monitoring systems (HUMS) for helicopters requires
E, electric field, V/mmn appropriate small mechanical (micro) sensors and soph-
a, thermoelastic coefficient, N/mm2K isticated electronics signal processing. "Smart sensors" -
A cross section area, m2  a combination of miniaturized sensors and integrated
Cj, aerodynamic coefficient circuits - offer a very attractive potential for system
D modal damping monitoring and vibration signature.
El bending stiffnes, Nm2  The performance of modem helicopters has been
I generalized blade inertia, kWm2  improved by special aerodynamic profiles. A further
R rotor radius, m optimization may be possible by blade shape control. For
U voltage, V instance the dynamic stall flutter behaviour of the
AT temperature difference, K reteatdng blade may be changed by modifying the blade
K gain profile. Smart materials offer the chance to realize such
b, c blade semichord, chord, mm advanced concepts.
d gwneaMlized blade damping, Nin The realization of helicopter rotor active control concepts
d lever -m length, mm is a challenge for the helicopter engineers for a long time.
1,t length, wldlh mld fldMea, mm The applicatio of servo-hydraulic actuation systems has
h distaw ofpeo laye m min posed many technical problems especially when active
r, s gomettical dimesion, - blade coutrl in the rotating system is required.
w end deflection of a bw, mm In ths paper results of a feasibility study we presead
a6 thennal coefficimr of e~eipuuon, 1/K which ha ban porlbonad at Burvocpteir Deutschland

ft end &Awd on iesl (dope) of a bar OmbH (BCD). Theoe al was to find out potential appli-
r endb d ec ion eatm of slmatmop.ta)fat bat m forrheoptr-lok n I rotor active coutL.
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SElastomeric
- • Damper

Torqueontro Tube

Rod -

Tailored Blade Neck Elastomeric Flexbeam
Damping

Flexbeam Layer

Hingeless Rotor with Elastomeric Bearingless Rotor with Bearingless Rotor with
Pitch Bearings Control Rod Torque Tube

FIg. 1: Modem Rotor Systems

rod and tube, respectively. For adequate blade lead-lag
2. ROTOR CONCEPTS AND SMART damping a viscoelastic shear damper is implemented
ACTUATION using elastomeric materials with a high loss factor.
The proper integration of smart materials technology in Both the hingeess and the bearingless rotor systems are
modem helicopterrotor concepts is the key for the design equipped with a conventional swauhplate and hydraulic
of efficient, simple and reliable rotor actuation systems. actuation systems for primary flight control tasks.
Before this difficult task can be atacked some details of "he three rotor designs, shown in Figure 1, were devel-
modem main rotor designs are presented and different oped by MBB - now Eurocopter Deutschland (ECD).
goals of rotor active control tedchology we listed. Finally They are more fully discussed in Ref. I to 3. A com-
the most promising rotor blade control concept is prehensive review of bearingless main rotor (BMR)
identified and important requirements for the envisaged technologies in Europe and the USA is given in Ref. 4.
realisation by smart m aterls e ed. There it is stated that the main goal of this new rotor
2.1 Hilndess and Dearingliess Rotors - Se concept is simplicity because of the favourable implica-
Art Btions for rotor system weight, cost, reliability and main-

tainability. Figure 2 shows the ECD's BMR-design which
In the last two decades the application of composite and was successfully flight tested on a B0108 prototype
elastomeric materials has had the most beneficial impact helicopter.
on the design of new helicopter rotor systems. These new
materials have made it feasible to develop and manu-
facture advanced rotor systems of reduced complexity by
eliminating partly or totally conventional blade root
hingesandbearings.Figue I shows the main components
of modem rotor systems.
They will be discussed shortly for better understanding
the needs and expectations of helicopter engineer on
smm materials. The soft ipplame hingeless and bearing-
less rotor concepts (Figure 1) can be characterized in the
following way:
Hingeleus rotor system: The flapwise and chordwise

bending motiom of the rigidly attached composite
blades are facilitatied by elastic deformations of the
blade neck. Blade pitch control is achieved by using
elastomeric pich bearings and conventional pitch root
control linkages in the roota system. For euate.
lead-lag blade damping a mechanical dmnping device Fig. 2: Bearinglm Main Rotor on an BCD-BOI08
is provided. (Note: Fig. 1 left, the fluid damper is not
shown). 2.2 "Idea Smart Rotw - PrIqiet

Bearinglas rotor systm: The dimiation of ll blade 'hgs, modem rotor hbs loose their hearings -concluded
bearings is achieved by uSi a pe" al degned 001- in Ref. 4- by using composite and destomeric materials.
posits fleabem whih accompishes both heading amd But what about the futu? Recently at a wockshop ontmlonad blade moim. The pic cotrol foces rotororaft dymnam and godaegdty (RL 5) the fol-
qVplid to toe SaOw am W a-nled n tasimmi lowing two qetion posed:
moaem to the oulle put ofthe bade via a stiff cCaa s maserials make helicoplen bter

Or "How cm we make the rotor better"
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Due to Ref. 5, the "ideal" smart rotor concept could The actuators replace the conventional pitch link rods of
look like Fig. 3. the BOl05 hingeless rotor system, whereas the collective

and cyclic control is fully maintained.

The control authority of the IBC actuators was limited to
±0.4" pitch displacement at the blade root due to safety
consideraidon. A separate hydraulic power supply was
installed in the fixed system. Thus, both a hydraulic and
an electrical slipring are needed for the power and control
signal transfer between the rotating and the non-rotating

Control Elements system. Figure 4 reveals some more details of the
HFW-IBC concept. This system is currently prepared for

Eliminate Torque Tube, full scale open loop tests in the NASA Ames 40 by 80 ft
Eliminate Actuators Lag Damper wind tunneL

Eliminate Swashplate

Fig. 3: Smart Helicopter Rotor
The smart rotor has lost both the bearings and the control
linkages. The conventional collective and cyclic blade
controls through a swashplate and hydraulic actuators in
the fixed system are replaced by "smart" blade trailing
edge flap actuation in the rotating system. This control
concept is principally able to fulfil all needs coming from
the flight mechanics (pnimary rotor flight control) and the
aeromechanics (servo-aeroelastic blade controls).
The following Table 1 collects the most typical design
characteristics of the three rotor concepts discussed so far.
Table 1: Design characteristics of rotor concepts

Hingeless Bearingless Smart
Rotor Rotor Rotor Fig. 4: Individual Blade Control System at a Bl105

Rotor
Flap/lag hinge eliminated eliminated eiininat The HFW system is the most spectacular attempt to realize

Pitch hinge elastomeric eliminated eliminated hydraulic driven individual blade actuation concepts.
Mlechanical fluid damper elastomeric eliminated Other activities are reported in the literature withlead-lal damper emphasis on model rotor research activities. But the

da damper breakthrough of the IBC technology is still missing due
to the lack of simple and reliable rotating blade actuation

Mechanical swashplate, swashplate, eliminated systems.
primary fli pitch horn pitch horn,
control links control tube 2.4 Smart Rotor Blade Actuation - Goals

The "ideal" rotor concept is a very ambitious concept of Rotor active control technology (RACT') has a broad
the future and currently studied mainly by research scope. The interest of ECD is concentrated on the
institutes (Georgia Tech, USA, for instance, see Ref. 6). development of technologies that may have impact on the

expansion of the flight envelope of the next generation
2.3 Individual Blade Control. Status helicopters, see Ref. 7 to 9. An overview of the various

RACT-goals is given in Fig. 5 using rotating induced
The activities of the helicopter industry in Europe as well strain actuation systems (smart materials).
as inthe USA we concentratedonconcepts whichpromise In Figure 5 two different blade control concepts are
major improvements of helicopter performance and shown:
comfort by implementation of rotor active control tech-
nologies (RACM). They do not have the replacement of Blade Impedance Control: The capability of changing the
the conventional flight control systems with swaAhpe blade stiffness, damping and mass characteristics by
actuation as their near team gol. Especially the intro- uing fully integrated smart composite structum is a
duction of individual blade control (IBC) with limited very demanding taL The realiation of a rotor with
anmhodty is sbjea of inteisive reseach activities variable hub stiffness (tuning of blade flap bending
worldwide, natural frequecy) or introduction of artificial blade
In a research programme started in 1989 between BCD lead-lag damping for providing adequate aerome-
and HFW (HIuce Phpeug Weft) a &B scale IBC chanical stability margins of soft iplane rotor systems
•mem wnim w at the BOLO5 hkeptcer ad may be achieved solely by smart blade neck or blade
disk wooed sucansay, Rd. 7 mad 8. his sysem uses atclmen bet acua .
Way #Ach okkp atme inumsi e roWtngsystem.



Blade-Impedance Control for
Artifical Damping

- Frequency Tuning
Solution:
Blade Neck Actuators Individual Blade Control for

- Vibration/Noise

Reduction
- Stall Futter Suppression
- Lift Optimization
- Primary Flight Control

(without Swashplate)

Solution:
Blade Torsional Actuators

0 Active Blade Twist
Active Flaps

FMg. 5: Rotor active control technology - Goals

Individual Blade Control: Controlling the lift distribution Active blade flap deflection: +(4 + 6)°
of each blade individually by actively changing the (10%-flap at outboard position).
torsional deflections and flap of the blade respectively Active blade modal damping augmentation: 2%
offers the possibilities to control and optimize the lift (lead-lag bending mode).
distribution and to suppress aeroelastic blade oscilla-
tions by stability augmentation and disturbance rejec- Actuator bandwidth needed: up to 100H&
tion feedback controllers. Since a snart IBC-system
cannot be realized by a simple replacement of the 3. SMART MATERIALS FOR HELICOPTER
existing rotating pitch link rods, new concepts have to APPLICATIONS
be developed. In principle the smart IBC may be Helicopter applications require special properties of the
accomplished by designing used smart materials. Especially for the individual blade
* blade neck torsional actuators (hingeless rotors), control, the materials have to react very quickly to reach
"* active control rods (beaungless rotors), the necessary actuator bandwidth. Furthermore the
"• fully integrated smart structures for distributed materials have to endure the strains of the structure where

blade torsional contol, the smart materials are bonded to. In the following, the
"* smart blade flap actuation systems for blade available smart materials and the possible candidates for

lift and torsional conrl. helicopter blade actuation systems are reviewed.
For helicopter rotor active control by smart materials the
IBC-coceptisjudgedtobemote efficient than the "plain" 3.1 Available Smart Materials
impedance control concept. The active control ofthe blade
aerodynamic load distribution by relative small torsional Thbe research on smart materials has just begun. So there
deflections results in high control forces. Smut is an incrasing number of candidate materials and
IBC-concepts we studied in Ref. 5 and Ref. 10 to 13. The material systems which may be suited for smart structure
principle and possibilities of smart impedance control actuatom Some of these are
applied to flexible structures me outlined in Ref. 14. An Piezopolymers,
overview of the current and planned European activities Piezocenanics,
is gathered in Ref. 15. Electmstrictive ceramics,
In this paper the feasibllity of a smart IBC-syssem for Magnetostrictive rare earth alloys,
servo-aeroelastic rotor blade control purposes is invesi- Shape memory alloys.
gAed. This system should be adaptable to ECD's hinge- Each of theae materials ha its special properties and with
less or besingless rotors and should allow the this its most suied field of application. Piezoelectric
investigation of meams for rotor performance enhance- materials and the magetosrictive rae earth alloys an of
me1ts, stall flutter F 5upplealon aid oumoft improvement special interest for actuators in a helicopter rotor system.
by vibration and noie control. In addiion improving the mTes materials show a high potential of inducing forces
emomedonial stbilty with respect to gromid and air ito strucrs, md they allow the moderate control

re shaould be posusb us active blade lead-lag frequencies (up to 100 Hz), needed for helicopter rotm
dampIWg sgmentation or active equivalent pitchlead aiv ca.

coaplin3apememory alloys actually showhigh stiffiresa too and
The follobig 1 ruin' s anm ad - guldelines in the a lah active strain than plezoelectric amd mapdn .
fuasibility study: stirledi mWwW but due to ft necessity of heating up

Acive blade torsional deflecion: *(l + 2)" th material the dynlm€c veppon wesquacy is muchk
(at radial position 0.7 R), lwr. Thenfoe thes materials can only be used for

que-st applcs Elnor e, tu active strain
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cannot be controlled exactly, because the temperature-
strain characteristic is very steep and the accurate con-
trolling of the temperature within one degree is very
difficult.
Electrostrictive materials an similar to the piezoceramic
materials, but their active strains are smaller. They are not
further considered.
The magnetostrictive rare earth alloys show a high stiff-
ness and a rather large active strain. These materials are i
controlled by a magnetic field, which must be created by Fig. 6: Piezoceramic material
acoilandanelectricalcurrent.Magnetostrictive materials C11 C12 C13 0 0 0
are expensive and as they always need the magnetic coil 0 0 0
such systems ame heavy. C1 C

(2 CO C,3  C3u 0 0 0
Forthese reasons, the most favourable candidate material o3 - C C 0
for the use as actuator in the helicopter rotor seems to be = 0 0 0 C' 0 0
the piezoceramic material. This is because of the relative 0 0 0 0 C', 0
high stiffness (Young's modulus) and resulting from this si T
due to the capacity ofinducing high forces. Unfortunately, .T2J 0 0 0 0 0 CY- 2 j
the active strain of the material when subjected to an 2
electrical field is rather small. Today, the maximum
piezoelectric strain for an electrical field of 1000 V/Wmm 0 0 E3, a,
is about 0.5%o in the 3-direction and 0.25%o in the I- or 0 0 e ", E a2

*2-direction, respectively. 0 0 eu aE &3 T.(1
Piezopolymeis have a much lower stiffness, but a higher E e23  0 )
active strain and better strength properties. Further E3J
investigations must show, whether these materials can be es 0 0 0

used as actuator materials, too. 0 0 0 . _

At the horizon there is coming up a new class of piezo- In this equation the influence of an applied electrical field
electric materials, made from a gel. It is expected that E, is shown by the coefficients e.j. One can see that thes
these materials have better properties than the piezo- electrical straim act like thermal strains with one differ-
ceramics. The important piezoelectric strain coefficients
will be a factor of 10 higberthan those of piezoceramics. ence: For orthotropic material there is no temperature

induced shear deformation. However, the piezoelectric
Therefore, in the following piezoceramic material is material shows such shear deformation if an electrical
considered to be the smart material for helicopter rotor field E, or E2 is applied. For structural mechanics this is
active control. no difficulty, as orthotropy is a special case of anisotropy,

and anisotropic materials show shear straim due to
3.2 Plezeceramic Materials temperature, too. Therefore every theory which can

Piezoceramic materials induce an electrical voltage ifthey handle thermal strains and anisotropic materials is suited
are subjected to mechanical strains. On the other hand, if to describe the behaviour of a piezoceramic material as
a voltage is applied at two opposite sides of the material, an actuator. Of course, also the interaction of piezo-
it reacts with mechanical deformation. This behaviour a ceramic materials and other materials can be investigated.
knownaspiezoelectriceffectanditcanbeusedforsensors By substituting a new coefficient b, for the sum of the
and actuators equally. This attracts special attention to thermal and the piezoelectric stran
t h e s e m a t e r i a l s f o r c o n t d p p i a t io n . b . - -0 0 e 3 , "a , '

3.21 Material Law b2  0 0 e3, E a2bAT 0 0 e, 'I+ *3 &T (2Piezoceramics can be considered as orthotropic material E E I(2)
like a composite unidirectional laminate. In a plane b4  0 e,, 0 E 1 0
peipendxiculartotheorientationofthepiezoceramic, ithm hs en 0  0 0
even isotropi properties (tansversely isotropic material b3  0 0
in the plane 1-2 of Fig. 6). The cnstitutive equation of ., 0 0 0 0
such a material is given by lquation 1. and writing these new coefficients b, as a function of the

piezoelectric and thermal coefficients

b,. - ,,+a,., b, en8, +a.,

1 1
b4- I ,.4 bs - ,g.E. b#iO (3)

Y - - -..--.- __AT
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a new ordinary thermoelastic mateial equation for
anisotropic materials is given which can be used in any 3.2.2 Material Data
structural analysis (eg. the classical lamination theory): Typical data of piezoceramic material are shown in the

0- C,, C,. C,, 0 0 0 -e following table:

"C12 C, CIS 0 0 0 "' Young's modulus in 1-direction: 66000 N/mm',
"02 EC 0 0 0 Young's modulus in 2-direction: 66000 N/mm 2,

SC03 0, C0 0 0 % Young's modulus in 3-direction: 55000 N/am 2,

03 0 0 0 i - Shear modulus in 12-direction: 26000 N/am 2,

S0 0 0 0 , 0 3 Compression strength: 600 N/ mm,
0 0 -C,11 .. Tension strength: 80 N/nmu2 ,

SPiezoelectric strain coefficient d,,: -2.5 I0" mm/V,

JPiezoelectric strain coefficient d3: 5.0 10' mm/V,

"02 Piezoelectric strain coefficient d,: 8.0 I0V mm/V.

b3 With a reasonable maximum electrical field of

AT. (4) 1000 V/mm the maximum active piezoelectrical strain e,

is 0.25 %o and 0.50 %o respectively, the maximum shear
b5  strain is 0.80 o.
b6

Herewith, the effect of the piezoceramic material in 4. ROTOR ACTIVE CONTROL BY SMART

combination with any other material can be investigated. MATERIALS - FUNDAMENTALS
Sometimes the material equation written in terms of The application of strain induced piezoceramic blade
stresses is useful. In such an equation, the thermal and the actuation systems can be accomplished in different ways.
piezoelectic strains are included explicitly. Of course, the smartest way is a full integration of the

el ... Sactuator into the blade itself For the feasibility study
s, S,, S1  S,3  0 0 0 0, simplified induced strain actuation models of beam- or

S 12 S,, S,1 0 0 0 02 plate-like composite structures for bending and torsion

-S, 3 S1, S3 0 0 0 F3 are needed. Therefore in this section the mechanics of
0 + strain induced actuators ideally bonded on (composite)

T23  0 0 0 SM 0 0 Zr bars and plates are given and the formulas for estimating

TY, 0 0 0 0 S" 0 %, the strain induced deformation are derived. A similar but

.712 . 0 0 0 0 0 SE .%2 more sophisticated approach is used in Ref. 18 to 20.

"0 0 d,• "" 4.1 Bending of Bars by Piezocrandics

0 0 d•, % 2 One application of piezoceramic material is the bending

0 0 d of bars or plates. Figure 7 shows a section of a rectangular
+ "AT. (5) bar (the rotor blade can be considered as a bar). The top

0 d,, 0[• 0 and bottom side is covered with piezoelectric material. If

d,3  0 0 0 an electrical field is applied to the piezo plates in such a
0 0 0 r0 that the top plate reacts with extension and the

bottom plate reacts with contraction, the shown bending
This equation shows two different types of piezoelectric strains are induced to the bar.
strains:

I If an electric fieldE3 is applied the material reacts with U

longitudinal strain P,, e, and ;. This deformation

behaviour can be compared directly to the thermal
expansion.

2. If an electrical field E, or E, is applied, the material
reacts with shear strain %, and yu respectively. For

orthotropic materials, there is no corresponding ther. - u
mal defoantion, but aism opic materi have such -

a form of thermal deformation. So, with respect to the
piezoelectric deformation, these materials have to be mnlk okfon
considered as oafopic. , .,,,(•.,,,•)

Fortheueumacutaorinehelopwrrotorbladsbothypes Fig. 7: Bending of a rectangular bar
of piezoelectric effects w Investigaed, regardless of the If the bar with the length I is built in at one end, the
posabHly of easuimn. frther det"is on pesoelectr'c deformation w id the deflection angle P at the other end
materids am given in Ref. 16 and 17. can be calculated by the formula:
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g= _ P- 2 (6. tnSo w

Herinemo denotes the bending stiffness of the bar without

the piezo plates while Elp denotes the bending stiffness I • •1
of the two piezo plates itself. The piezoelectric strain e.
follows from the piezoelectric strain coefficient d3, and

the applied electric field E3: N"" mt SroM,

S ( ) t --air 'T Of = O: '9= ! ,

If the bending stiffness of the bar is small compared to the
stiffness of the piezo plates, the Equations 6 simplify to Fig. 9: Normal and shear stresses

22  (8) From Figure 9 it can be seen, that for a pure state of shear
=E. (8) suess the principal stresses in the drections I and II are

tension and compression of the same magnitude. If only
one of these normal stresses is present (e.g. the tension

4.2 Torsion of Bars by Piezeceramics stress t h, t ssu a, shall be zero), shear
Generation of twisr in a bar by piezoceramics is more stresses exist too, but together with normal stresses. The
complicated. Twisting of a bar can be achieved by stresses can be derived from Mohr's circle. For most
inducing shear deformation on the surfaces of the bar applications, the additional normal stresses do not matter.
according to Fig. 8. So, shear deformation can be generated if it is possible to

introduce a longitudinal strain in the 45" direction

3~~~~ (1*W. oft10). tnn s
Dheed~on ce Plezm.ckI Slea a1r. /r/

U-.

Fig. 8: Torsion of a rectangular bar

If the stiffness of a rectangular bar is neglected and shear TorwA D~omtl

strain is introduced only at the upper and the lower face Fig. 10: Torsion of a rectangular bar by longitudinal
of the bar, the twisting angle can be calculated by strains

I The maximum twisting angle (under ignoring of the
0 e=h. (9) torsional stiffness of the bar) then can be calculated with

y= a,:
Because of igoning the torsional stiffness of the bar,
Equation 9 represents an upper bound of the real twisting (O = -•Ew. (10)
angle.
From Equation 5 one can see, that piezoceramic material
is able to create shear deformations directly by measm of 4.3 Active Rotor Blade Control by Piezoeramic
the elect& field E, and E2 in combination with the Actuator/eSasor-Systems

piezoelectric strain coefficient ds. However, for practical The application of the piezoceramic bending and torsion

applicatiom this effect canot be used The piezoelectric actuators foran active rotor blade feedback control system
effect will be destroyed, if large electrical fields E, or E, is in principal straiglhforward and best explained for a

ar e applied (deoaaon).r deoma- hinelen r&ON system. For this rotor system a simple
tionhas to be generated by an of doe lo ndi strain cob at ide neck actutr/seuor rmrangemen can beetiel nd ts b•eamted by use ofthel•k gfield u3. used for both bending and torsion, as shown by the

fofl(owig two examples:
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Active lead-lag blade damping: The bonding of piezo-

ceramic materials on both sides ofthe blade neck allows 5.1 Generation of Damping and Twist at the Blade
the active generation of bending strains and moments Neck
according to Fig. 7. The complete control system with Strain induced blade neck actuators are in principle wen
the actuators/sensos is presentedin Fig. 11.Inthiscase suited for hingeless rotors to (1.) increase the modal
a robust integral feedback controller may be used for lead-lag damping of the fundamental inplane blade
lead-lag damping augmentation. The benefits of this bending mode and to (2.) generate torsional inputs for
control concept are described in Ref. 21 for example. individual blade control. The rotor data used in the

following two subsections are similar to the data of the
swamTiger hingeless main rotor presented in Fig. 13. More

S------ information related to this soft inplane fibre elastomeric
13 m diameter rotor with a fluid blade damper to prevent

Lground and air resonance can be found in Ref. 1.

Vobw a. ~ k worfn

A~ ~ kr•-Eer -u• .....

Fig. 11: Active blade neck bending for lead-lag damp-
ing augmentation (principle)

Individual blade control: The use of "directional" bonded
piezoceramic materials (antisymmetric angle-ply
"laminate") in the blade neck area provides the means
for generating torsional deflections according to
Pig. 10. The control concept with the smart
actuator/sensor-system is shown in Mig. 12. Fig. 13: Hingeless fibre-elastomeric main rotor

For applications in the blade neck section, the smart
material must sustain the strain level in that area. Typical

P~z*9*1cAcW1w*-- (op) -------------- strain levels are 3 to?7 %o. Actual piezoceramics cannot
endure such strains in tension. Prestressing the material
may improve such situation, but it will hardly solve it. For
future applications, the tension strength of such materials
has to be improved.

Ose I L So ule 5.1.1 Bending the Blade Neck

V"bV "onboe WThe bending actuation of the blade neck is achieved by
V~bP surface bonded piezoceramics (Fig. 14) on both sides andSappropriate voltage control.

Fig. 12: Active blade neck twisting for IBC (pxinciple)

It should be noted that the design of the feedback con-
troller, the selection of (smart) sensors, the data pro-
cessing system and the layout of the high voltage
amplifier was not subject of the feasibility study. This
work has to be done later if appropriate blade actuation
systems are actually designed.

S. SMART ROTOR BLADE ACTUATION -
FEASIBII[TY STUDY
Tbe feasibility of smart rotor blade actuation is investi, B.e& neia
gated now for the liagless and beariglesa rotor systems. Fig. 14: Rotor blade with piezooterni lead-lag bend.
The design parameters a oriented on BCD's rotor bub iqg actuator
designs presented at the begminng, wee Mig. 1. The problem of modal damping augmentation by piezo-

electric actuators has been extensively investigated in the
literature. InRef. 18 adynamc beam modelisamilytically
derived using simple rate feedback In order to apy this
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theory to the blade damping problem some definitions are
given. The blade modal damping oftbe fundamental blade _ .___
lead-lag bending mode is defined by

1.0

D; 4= 1 Norm. Factor: _.0

0 I I '

Herein uk, d; and 1; denote the blade natural frequency, 0

the generalized damping and the generalized inertia 10
respectively. The corresponding blade modal deflection
is determined by 05 -- F 18

u (r, 0) = 0;(r ) • lq;(t) (12)

with the mode shape -normalize to I m blade tip , I r
deflection - and the generalized coordinate%. With these 0 5Norm.Fctor-.23 .

definitions the estimation of the generalized blade
damping at the actuator saturation limits reads as 0

Sb. I 2&;N
d = - 4-; (0,'(r2) -,0",)). (13) I I I o

+ !!P N :0 0.65 1.30 1.95 2.60 3.25 3.90 4.55 5.20 5.185 0

J71 Radius - m

The bending stiffness of the blade neck and the actuators Fg. 15: Modal data of the lead-lag bending mode of a
ate denoted as EIV and Elp respectively. Te later" is hingeless rotor blade (Fundamental firequency: 3.8 Hz
approximated by at 100% rotor speed)

1 2 The calculated maximum active blade modal damping
El, = t~rhNE,, (14) values are plotted in Fig. 16 for different lead-lag blade

amplitudes. Obviously the envisaged damping augmen-
where tN and hv denote the width and height of the blade tation of 2% cannot be achieved by this simple arrange-

neck, t, describes the thickness of the piezo plates. ment. A multilayered actuation system may improve the
situation but was not further investigated due to the

The maximum generalized blade lead-tag amplitude is general limitations of piezoceramics bonded at highestimated by the equivalent rigid body angula~r deflection strained blade, necks.

(amplitude C) about an equivalent hinge with the offset a;
2.S -

(R - a Nat.: Plezoommcml bled. actulato
(R-a•) • (R=Rotorradius) (15) a e-turuon

The mode shape - deflection, slope, curvature - of the URW
Tiger blade at nominalrotor speedis presented in Fig. 15. f 1.5

As can be seen the piezoceramic blade neck actuatiors are
optimally attacbed in regiom with high slope. In Table 2
all numerical data are collected which are needed for the
estimation of the active lead-lag damping capacity of .. 1i . ., .--...
smart piezoceramic blade neck actuation.

Table 2: Tiger data for active lead-lag modal damping o0 o• .- o o • • .•..
augmentation m O Ampilude D..

Mean blade neck bending stiffness EI; : 2.2. 103 Nm' Fig. 16: Active blade lead-lag damping augmentation

Slope of 1' bending mode versus ampihtude

atneckbeginning(r=0.65m) 0' :0.046

at aeck end (r = 1.20pn) ý: 0.145 S.1.2 Twisting the Blade Neck

Generalized blade inertia 1; :16.4 kgm2  The application of "directional" attached piezoceramics
in the blade neck (Fig. 17) is studied next in more detail.

1" natural bending frequeny c : 23.8 1/s Object of this investigation is to have a measure for the

Rotor radius R : 6.5 m maximum totsional deformation, one can reach with the

Bquivalem bnge offoet at : 0.91 m use of piezocermic material.

Widi ofblade neck IN :0.llOm
Height of blade neck h : 0.060 m

Thickness of plezo plate t, :0.001 m
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Th1 7ese partially bonded piezo, strips are amore academicalI
solution, because they will cause trouble when loaded
dynamically. Another solution is that one shown in
Figure 20. The piezo strips are bonded overthe whole area
tothe blade neck, but they coveronly apart ofthe available
area.

Plezoceramin Plezo-stril.

Fig. 17: Rotor blade with piezoeraic twisting actua-
to

For a typical piezoceramic material with the material data
given in 3.2.2, the maximum twisting angle for a bar with
a thickness of 60 mm (see later, Fig. 23) can be calculated B materiai (rotor bW* nc)
according to Equation 10 to about 0.24 "/m. This value is Mig. 20: Blade neck partially covered with piezo strips
valid if the torsional stiffness of the bar itself is neglected
andwhenonesucceedstodirealnthepiezoelectricstrain Again, the strips ae bonded under an angle of 45" to
(0.25 %o) into the 45" direction. In reality not al the induce torsion. This method is good with respect to
piezoelectric strain can be directed into the 45 dirion. strength, but it has a poor efficiency.
Additionally, the torsional stiffness restrains the defor- A better possibility is the use of piezoceramics, sand-
mation, so that the real twisting angle always will be less. wiched between two layers of unidirectional high
Tbe behaviour of piezoceramic material in the 1-2 plane modulus laminates (Fig. 21). These laminates nearly
is isotropic, this meas, the strains in all diectiom in this totally restrain the strain of the piezoceramics in the fiber
plane ar the same. To direct these strains in the 45' direction, but do not have a remarkable influence per-
direction, different methods exist. pendicular to that direction.

Methods for Inducing Shear Strain Orn•HM

One method suggested in Ref. 10 is to attach the piez
sftr only partially to the blade neck (Fig. 18 and 19).
With that, the stiffness in direction of the bonding line is
partially decoupled from the stiffness perpendicular to the
bonding line. In the direction of the bonding line the full Bmmf (r~ot bWd neck)

stiffness is effective while perpendicular to this axis the Fig. 21: Piezo strips sandwiched between two unidirec-
effective stiffness depends from the ratio strip width to tional layers
bonding width ris. For a ratio of zero the stiffnesses ae In this caw, the piezoceraznics and the unidirectional
fully decoupled, the more realistic ratio of 0.5 yields a layers are bonded together over the whole area, the
stiffness ratio of the same value, unidirectional layers have an orientation angle of 45" with

I wit borespect to the blade axis. A disadvantage is a significant
amount of coupling between axial force and torsion due
to the angle of 45".

The last very inMeresting solution is shown in Figure 22.
In this case the shear deformation mode of the piezo-
ceramic material is used. Though this effect cannot be
used today for such an application, it is presented here to
show the potential the materials have.

Bae material (rotor blad. neck) RO
Fig. 18: Piezo strips, partially bonded, oriented under

45.

Sm asedin Crowo blede no*)
Fig. 22: Torsion induced by shear deformation

SSm. mson ,d (rotor blade rac)
Fig. 19: Partially bonded piezo stipe
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Active Twist Precalcnuations Active Twist Opimization

All investigatdons e done by using the classical lami- Objective of the current investigation is to determine the
nation theory (Ref. 22). Igure 23 shows a typical lami- maximum twisting angle which can be reached with the
nate of a rotor blade neck with applied piezoceramic available materials. The basis is the neck of the Tiger and
material. The given dimensions we valid for the Tiger (in the B0105 rotor blade (similar to Figure 23). A laminate
brackets for an advanced BO105) rotor blade. with the thickness and the torsional stiffness of the rea

rotor blade neck is covered by layers of piezoceramic
._.... . -- material. In the following investigations the laminate data
__ . \- 4WW of Table 3 are used.

0o 4a Table 3: Laminate material data

Young's Youngs Shear Poisson's
odulus 1 Modulus 2 Modulus Ratio

Fig. 23: Blade neck laminate Laminate N/rmID N/mm2  N/rmh2  
-

The twisting angle is calculated from the laminate stiff- GFRP, 45200 11600 4400 0.27
ness matrix. For the laminate from Figure 23 and partially 0.
bonded piezo strips (r/M0.5, FIg. 19) the twisting angle
versus the thickness of the piezoceramic layer is shown GFRP, 13700 13700 12900 0.57
in Figure 24. The maximum twisting angle which can be -45"
achieved with this configuration is about 0.041 /m for the CP- 16500 16500 34400 0.78
Tiger rotor blade (0.053"/m for the advanced BOl108 CFRP-
blade). Compared with the maximum possible twisting T -5
angle of 0.24"/m and 0.32"/m respectively (following CFRP- 420000 3700 3100 0.36
from Equation 10) the efficiency of this configuration is UHM, O"
very low.

The necessary thickness of the piezoceramic layers t,,.
o s and the resulting maximum twisting angle 0.. are

0.050 ...... ...... ..... .................... .. .................... determined for each of the following variants:

0_ , . ... Variant 1: Piezo strips partially bonded (r/s=0.5)
o I* Tri Variant 2: Blade neck partially covered

0o.0o Variant 3: Piezo strips sandwiched between CFRP-UD
SVariant 4: Shear deformation

0.020 . During the optimization procedure, the torsional stiffness
0.010 . .. ............ . ..... .................... ........ ....... ... . ............ . .... ......... . of the lam inate is held constant. This is necessary, as the

0.010 1 piezoceramic material has a relatively high Young's

o-0oo - 6 , modulus and therefore it has an influence on the stiffness
0.0 40 6 10.0 which cannot be neglected. Constant torsional stiffness

ThisWw of. m* can be achieved by simultaneously changing the thick-
Fig. 24: Twisting angle versus thickness of piezo- nesses of the individual laminate layers together with the

ceramic layer thickness of the piezo layer. Strength constraints are not
Figure 24 shows a maximum of the twisting angle. Due considered in this investigation. The results are shown in
to the increasing stiffness of the piezo layer the twisting Table 4.
angle increases with increasing the thickness of the piezo Table 4: Maximum twisting angles of a rotor blade
layer, up to a maximum angle. Further increasing of the
piezo thickness results in a decrease of the twisting angle Variant 1 2 3 4
because the increasing effective distance of the piezo
layers prevails over the increasing stiffness. Due to BOl05 8. '/in 0.07 0.02 0.25 0.42
Equation I0this resultsin adecrease ofthe twisting angle. tk.. min 6.0 7.4 3.2 6.5
From this follows that for a specific configuration t-5- mm -tr 2.9
(laminate lay-up and geometry) a maximum twisting . 0.05 0.01 0.22 0.34
angle exist. tl.. mm 9.1 11.3 4.4 13.6
Therefore, optimization procedures, based on the lami- n t4 .URM mm T - 5.9 -

* nation theo and nmueical optimzationprocedures
(Ref. 23) ae particularly useful for the calculation of t All twting angles ae very low, compared to the angles,
twisting angle. With such tools the most eflficient con- necessary for rotor active control. For th required *2'
figuration of laminates and piezoceramics can be fund blade twist at 0.7R an induced blade neck twist of about
very easy. ±2"/n is necessary for both blades. Especially the first

two variants (partially bonded and partially covered) have
a very low efficency concerning twisting due the
piezoelectric effect. Better is Variant 3. With moderate
tlickneses nearly 0.2 "/m twisting ngle canbe adiieved.
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The best efficiency shows Vamant 4 However, at the The blade - control rod arrangement with piezocermic
present time the use of the piezoceramic shear defonna- material is shown symbolicallyinpig. 26.Tb"e control rod

tion canmot be used. Butthe result shows, that in principle is designed as a rebtively stiff torsion tube with flexible
tee is apotential, whichis desirable to use. Furthermore, bending couplings on both ends. Thus the rods are mainly
this method has the advantage of not inducing any loaded in torsion, there are only minor bending and
coupling between tension and torsion. All other variants centrifugal stresses present.
show a large amount of such coupling due to the artificial
anisotropy of the piezoceramics, which cannot be
neglected.
The results reveal that in principle inducing twist by Fxm

means of piezoceramics will work. But there are some
difficulties which prevent the application of these fmatedal

materials for this application. First, the tension strength
is too low for the application ofpiezocrmics inthe rotor _6 note
blade neck section. As mentioned, the strain level is about
3 to 7%c, but the piezoceamic tension strength is only
1%. Second, the maximum twisting angle obtainable with Pta

the currentpiezoceramics is much lowerthan the required
angleof2". So, at this timethe application ofpiezoceramic Fig. 26: Blade twisting by a control rod
material at the neck of a rotor blade is not possible. For
this application especially the tension strength of this The torsional angle 0 for a circular tube with the radius r
material has to be improved by at least a factor of ten. and the length I under pure shear deformation is given by

I

5.2 Generation of Twist through a Control Rod 
0 =r7. (16)

Ifit is possible to decouple the torsion and the longitudinal Similar to Equation 9 and 10 twisting can be achieved too
strain, the mength requirement for current piezoceramic by a longitudinal strain e. under an angle of 45 to the
materials can be fulfilled. One possibility is to apply the
piezoceramics at special control rods, which are loaded tube axis:
mainly in torsion. This concept seems to be especially 1
suited for bearingless rotors. Figure 25 shows an experi- O=r E" (17)
mental bearingless main rotor with a control rod, which
%as successfully flight tested on ECD's BO105 heli- Thisequationdescribesthe maximum obtainable twisting
copter. Further details of this 9.80 m diameter rotor can angle of a circular tube when neglecting its torsional
be found in Ref. 2 and Ref. 4. rigidity. With a maximum piezoelectric strain of 0.25%o

and a medium tube radius of 18 mm this yields a twisting
angle of 0.8/m. For real control tubes, this value will be
lower due to the tube torsional stiffness.

From Table 4 it was concluded that the piezoceramic
material sandwiched between CFRP-I{M unidirectional
laminate and oriented under 45" has the best deformation
efficiency. Therefore, this configuration is further
investigated for the control tube. Figure 27 shows the
cross section of such a tube.

ClRP-HT-Lamlnate CFRP-HM-Lamlnate

Pl.zoe.ra.o MaterIal
"Fig. 27: Cross Section of a Control Tube

Fig. 25: Bearingle. main rotor at a MBB BOl05 The twisting angles which can be reached with this

configuration are shown in Figure 28. With reasonable
thicknesses of the piezoceramic and the CFRP-HM layer,
angls up to 0.2"/m can be obtained.
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-AS Up to now helicopter rotor blade control by active flaps
is only exceptionally applied due to the lack of appropriate

3-m acuation systems. The high g-level due to centrifugal
....................... - ................... .. ....................... . ...... . ............. ............

2nm forces at the blade outer part (above 100g) poses extrne
I.... practical problems for servo-hydraulic controlled blade

........... ... .p............. 7 h..... .................... flap . is situation may now be changed by using smart
. blade flap actuation.

Thb~waf ... In the following, the feasibility of both a smart flap and a
CFiP444LM4 servo-flap with a smart bending actuator is investigated.

O A S .. ........... ". . .................... ............. ...... .... ............. .............. ............................

0.00, - 5.3.1 Smart Blade Flap

ThWom d li P1 a -L sr 4 s The aim of the smart piezoceramic blade flap is the
28: Twisting Angles of a m T realisation of a simple and efficient IBC system without

Fig. 2additional hinges or linkages, see Fig. 3. Such a system

Thoughthisvalueissmallcomparedtotbedesirablevalue can be adapted to diffrent control tasks by using con-
of 2"/m, new materials (e.g. piezo-gels) let hope that in tinuons multiple control elments distributed along the
the next future larger twisting angles can be reached. blade.
Moreover, due to the pure torsion load, the strength
criteria of the piezoceramic materials if fulfilled. Iiere-
fore the active control rod is likely to become realizable.
In addition the active control rod can also be used for
improving the blade lead-lag damping by using"position" Po nflatWI

feedback of the blade lead-lag motion:

where a negative control gain K,; (pitch-lead coupling) is

stabilizing. The resulting active blade lead-lag damping
can be estimated by the following formula (derived in
Ref. 25):

- - K,;. (19) Fig. 30: Trailing edge flap

A simple solution for a smart flap is to enlarge the blade
Herein y, P, com and KI denote the blade lock number, the trailing edge to a flap. For such a flap ofconstant thickness

elastic flap angle, the first lead-lag bending frequency and the deflection angle due to the piezoelectric strain can be
the nominal rotor speed respectively. Already small gains calculated very simple, if the stiffness of the flap and the

(K,4 = -0. 1... - 0.2) are effective to augment the blade aerodynamic loads are neglected:

lead-lag damping significantly if the rotor operates under I
high thrust conditions (0, > 0). The design of improved 8=hef. (20)

feedback control laws for stabilizing soft inplane rotor Note that this angle is only half of the tip angle value
systems by individual blade control has recently fouod (,npae Equation 8). With an active piezoelectrc rain
strong imeres in th helicopter community, of 025 %v (chapter 3.2) the maximum deflection angle

for a 10%-flap with a depth of 1-30 mm (BOW08 blade,
5.3 Generating Blade Lift and Twist by Active Flaps chord: 300mm) and a distance between the piezo plates

Another method to achieve individual blade control by ofh=l mi canbe calculated to 0.42 degree. This is much
piezoceramicmaterials for both hingeless and bearingless too less, compared to the desirable 6". Therefore at this

rotors is the design of smart active blade flaps at the outer time the "smart" trailing edge flap cannot be realized for

third of the rotor blade (H& 29) a helicopter rotor active control system.

The investigations in Ref. 5 of a more elaborated smart
blade/flap come to the same negative conclusion: the
realisation of smart rotor blade flaps with current piezo-
ceramic material is not possible.

53.32 Servo Flap with Smart Actuator

Another concept to by-pm the high strain requirements

------------_------.. of smat flaps is the active flap with piezo-cmator. M&
concept is investigated in detail in Ref. 12, using a
piezmcermic bending.actuator for control of a hinged

Flgp flap. A similar flap design is studied in Ref. 11, too.
IIg. 29: Rotor blade with
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The hingedfGap, suggested inRef. 12is shown in MS. 3 1. Heow p is the air density, b the blade aemnicbord, V a
lerge flapf deflections can be reached by a hinge referene (design) velocity at 0.7R and Cjra is a non-di-

flap and a mechanism, which transfers the motion of the mensional aerdynamic coefficient of the flap. er a 10%
piezoelectric bar to the flap. flpti coefficient asmsthe valu

ICMB = 0.01768. (25)

WWa d FkP Forfth feasibility study the following simplifications are
W1 in order.

EI,'=0 and ElJrnE,'hl, (26)
' '2

0~84where t, is the thicenes of the piezo-plates.

The "optimal" flap design, that means the flap with the
P~umomnb~~s,~ highest possible flap angle 8, depends primarily on the

iuh as kAWNlever amn length d which determines the kinematic angle
amplification. The optimal lever arm length can be

FP g. 3 1: Hinged flap evaluated from Equation 23. This results in

ithis can the flap deflection angle 8is afunction of the d..=.Fm (27)
tip deflection w of the piezoelectric bar and the length d ~hV 3 E, T,*
of the lever arm. With the geometry, given in Fig. 31 the ecm pnigfaaglisivnb
following linearized relation between the flap angle 8 and ~ ~ fa nl sgvnb
the tip deflection w of the piezoelectric bar exists: 4j =_t

_jW8 el.(28)

Neglecting fiThhefae(1 ise two design equations now allow to check the
Negectng ilt te fapaerodynamics teipdeflection feasibility of active flaps for both the advanced B0108

w is solely determined by the piezo-bending actuator. blade and the Tiger blade. The reachable flap deflection
Using Equation 6 the active flap angle 8 can be easily angle 8 is independent of the bar height. With the data of
derived: Table 5 and the material data given before, FMg. 32 shows

12  1 the optimal deflection angle 8 which can be reached with
a=- A ,s, (no airloads) (22) differentilengths of the piezoelectric actuiator (Equ. 28).

1 + E.-,Table 5: Flap Design Data

Here the assumptions and notations concerning the [B0lO8 Tiger
bending actuator am the same as in Equation 6 and MSg. 7. I
For simplicity the two bending stiffnesses of the bar Er,' ~FLap/Blade Chord Ratio 0.-1 0.1

IBlade Chord, c= 2b,min 300 520
and the piezo plates El,' am related to the width of the DIesign Speed V =0.7R"l m/s 153 150
servo-flap. The parameter h is the mean distance of the Air Density p, kgWm j 1. 1.2
two piezo plates, compare Fig. 31. Piezo-Plate Thickness t,, mm 1.0 1.0
A more realistic flap angle estimation has to consider the
effect of the aerodynamic flap hinge moment Mg' (the -1-

prime is carried on Mg' to denote the applicaition to unit sl
flap width). Thus the tip deflection w in Equation 21 is ; T4
determined by the piezo-elastic loads of the actuator and f

at ..... ......... .... ..... ..... ...............
the aerodynamic loads of the flap. Using the procedure of
Ref. 12 the following formula can be derived for the ........ .. e ..........
piezo-c~ontrolled flap angle:

el (23) /
1+ l+j 12 1- I

0 0.2 0.4 CA O0*

The aerodynmi flpbig oment coeffileraM&' may ft AMO LiOIS Ube W&bCOKw Ve

be derived from quasi-stady incompressible aerody- Msg. 32: Optimal deflection angle 8,,, versus relative
nanmics (mee Ref 12): actuator ength

Mg- pV2b2CM& (24)
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From FMg. 32 follows that an actuator lengt of 1=0.4c ceramic bending bar). For the next future this seemis to be
is sufficient to get a deflection angle 8 of about ±6*. The the mostpromsing way torelzindimvidual blade control
lever awn length, necessary for this deflection angle for helic~ptei5.
depends on the length of the piezo bar as wen. FMg. 33 A real breakthrough of rotor active control teclinology
shows the optimal leverlengthd versus the actuatorlength (RAMF) by strain induced smart blade hactaton systems
for two different values of h at the actuator saturation has to be postponed until better sutn materials are
limit. available. But in the meantime even the current active

materials seen to have a potential, which the helicopter
engineers may apply with benefit to the next generation
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accumulation of damage. Applications of this
SUMMARY technology might include damage detection in long life

civil engineering structures, or in devices which areThe paper presents a topical review of a decade of work stored for long periods but must always be ready for
toward the development of intelligent structures; i.e. action, such as solid rocket motors.

structures with highly distributed actuators, sensors and

processors. The background and status of the research The overlap of structures which contain actuators and
in this area are covered, as are the evolution of the sensors, and those which implicitly contain a closed-
technology components: strbn actuators, acceleration loop control system linking the actuators and sensors,
and strain sensors, processors and signal conditioning are referred to as controlled structures. Any structure
and control algorithms. The results of several system whose properties or states can be influenced by the
level experimental implementations are presented, as presence of a closed-loop control system are included in
are the challenges for further development, this category. A subset of controlled-structures are

active structures. Active structures are distinguished
from controlled structures by highly distributed

INTRODUCTION actuators which have structural functionality and are

The objective of this article is to present an overview part of the load bearing system.
and assessment of the technology leading to the Intelligent structures are a subset of active structures
development of intelligent structures. Intelligent which have highly distributed actuator and sensor
structures are those which incorporate actuators and systems with structural functionality and, in addition,
sensors that are highly integrated into the structure and distributed control functions and computing
have structural functionality, as well as highly architecture. To date, such intelligent structures have
integrated control logic, signal conditioning and power not been built. The realization of intelligent structures is
amplification electronics. Such actuating, sensing, and a goal which has motivated this technology assessment.
signal processing elements are incorporated into a
structure for the purpose of influencing its states or
characteristics (mechanical, thermal, optical, chemical, Development Background
electrical or magnetic). For example, a mechanically There are three historical trends which have combined
intelligent structure is capable of altering both its to establish the potential feasibility of intelligent
mechanical states (its position or velocity) or its structures. The first is a transition to laminated
mechanical characteristics (its stiffness or damping). materials. In the past, structures were built up out of

large pieces of monolithic material which were
Definition of Intelligent Structures machined, forged, or formed to a final structural shape,

making it difficult to imagine the incorporation ofIntelligent structures are a subset of a much larger field active elements. However, in the past thirty years a
of research, as shown in Figure 1 [Ref. 43]. Those transition to laminated material technology has
structures which have actuators distributed throughout occurred. Laminated materials, which are built up from
them are defined as adaptive. Definitive examples of smaller constitutive elements, allow for the easy
such adaptive structures are conventional aircraft wings incorporation of active elements within the built up
with articulated leading and trailing edge control structural form.
surfaces, and robotic systems with articulated members.
More advanced examples in current research include Exploitation of the off diagonal terms in the material
highly articulated adaptive space cranes. constitutive relations is a second trend which enables

intelligent structures at this time. The full constitutiveThe subset of structures which have sensors distributed relations of a material include characterizations of its
throughout them are referred to as sensory. These mechanical, optical, electromagnetic, chemical,
structures have sensors which might detect physical and thermal properties. Nominally, researchers
displacements, strains or other mechanical states or have focused only on block diagonal terms. For
properties, electromagnetic states or properties, example, those interested in exploiting a material for its
temperature or heat flow, or the presence or structural benefits have focused only on the mechanical
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characterization, and those interested in exploiting its actuating mechanisms since they directly convert
electrical properties have focused on the electrical electrical signals into actuation strain.
characterization. However, much gain can be made by Strain Actuator Modeling. The actuation strain enters
exploiting the off block diagonal terms in the Staitheucons odtu n.veerel ation sae anners
constitutive relations, which for example, couple the into the constitutive relations in the same manner as do

mechanical and electrical properties. The commonly modeled thermal strains. The constitutive
characterization and exploitation of these off diagonal relations dictate that the total strain in the actuator
material constitutive relations has led to much of the material is the sum of the mechanical strain induced by
matgressia th crns etion rfitelatioens hasldtouchtofeth the stress, plus the controllable actuation strain. Once
progress in the creation of intelligent structures, the strain is induced in the actuator, it must be

The third, and perhaps most obvious advance comes in converted to strain in the host structure. The strain in
the electrical engineering and computer science the host structure can be found from a number of
disciplines. These include the development of micro- different assumptions about the local strain deformation
electronics, bus architectures, switching circuitry, and field. The simplest assumption for a surface mounted
fiber optic technology. Also central to the emergence of actuator is that of uniform strain in the actuation
intelligent structures is the development of information material, and linearly distributed strain throughout the
processing, artificial intelligence and control host structure. Such a model is not very exact, but is
disciplines. The sum of these three developing useful for obtaining simple figures of merit by which
technologies (the transition to laminated materials, the actuators can be compared. The most useful and general
exploitation of the off-diagonal terms in material mni. el is the Bemoulli-Euler-Kirchoff assumption, in
constitutive relations, and the advances in micro which the strain is linearly distributed throughout the
electronics) has created the enabling infrastructure in actuator and host structure regardless of whether the
which intelligent structures can develop, actuator is surface mounted or embedded. Such

modeling has been found useful for beams, plates and

CRITICAL COMPONENT TECHNOLOGIES shell-like structures [Refs. 9, 10].

If there is concern about the ability of the actuator to
There are four component technologies critical to the ransfer the strain through a bonding layer, a shear lag
evolution of intelligent structures and their application analysis of the bonding layer can be performed. The
to devices. These four component technologies are: principle result of this analysis is the identification of
actuators for intelligent structures; sensory elements; the shear lag parameter, which must be kept small to
control methodologies and algorithms; and controller allow for efficient transfer of strain to the host structure
architecture and implementation hardware. The [Ref. 37]. The most general model is one which
remainder of this study will focus on these four includes local shearing of the host structure.
component technologies, and their use in several typical Fortunately, Saint Venant's principle makes such a
intelligent structure applications, detailed model unnecessary for predicting the overall

deformation of strain actuated structures. However,
Actuators for Intelligent Structures such an analysis is necessary for accurately predicting
Actuators for intelligent structures must be capable of the strain field near and around active elements. Once

being highly distributed and influencing the mechanical the constitutive relations of the actuator, the assumed

states of the structure. The ideal mechanical actuator local strain deformation field, and the imposition of

would directly convert electrical inputs into strain or equilibrium are found, the influence of the strain
displacement in the host structure. Its primary actuator on the host structure can be calculated. Such
performance parameters include its maximum models had been derived for embedded actuators as

achievable stroke or strain, stiffness, and bandwidth. well as actuators in plates and shells.

Secondary performance parameters include linearity, The simple uniform strain model produces a useful
temperature sensitivity, strength and density. These figure of merit for comparing the effectiveness of
properties will be assessed and compared for several various actuation materials. This model predicts that the
types of strain actuators. In addition, the availability of strain induced in the host structure is proportional to the
each actuator type will be considered [Ref. 14]. product of the actuation strain, which can be
Currently, many types of strain actuators are available, commanded in the actuation material, and the reciprocal
including piezoceramics, piezoelectric films, of one plus the stiffness ratio (stiffness of the structure
electrostrictives and shape memory alloys, to that of the actuator). This latter term is an impedance

The principal actuating mechanism of strain actuators is matching effect which simply indicates that the stiffness
referred to as actuation strain. Actuation strain is the of the actuator must be comparable to the stiffness of

strain which is controllable and not due to stress. the structure for effective strain transfer.
Actuation strains are produced by a variety of Comparison of Commercially Available Strain
phenomena, with the most common but least Acua . Commercially available strain actuating
controllable being temperature and moisture absorption, materials are listed in Table 1. There are four broad
Other examples, which are less common but more classes of materials which can create actuation strains.
useful for active control, include piezoelectricity, The first two columns represent two material classes (a
electrostriction, magnetostriction, and the shape piezoceramic and a polymer film) which use the
memory effect. The latter four phenomena are desirable piezoelectric effect. Piezoelectricity can be thought of

I
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as an interaction of the electrical field imposed upon the magnetic field to stimulate the magnetostrictive
material with electrical monopoles in the material itself. effective.
When an electric field is applied, the monopoles are
pulled in the appropriate direction, straining the Sensory Elements
material and creating a strain in the direction of the
field. This fundamental relation of piezoelectricity Sensory elements of intelligent structures must be
between field and strain is linear to first order [Ref. 12]. capable of being highly distributed and sensing the
The third column represents a material which creates mechanical states of the structure. The ideal sensor for a
actuation strain through electrostriction, which can be intelligent structure converts strain or displacement (or
thought of as an interaction between the electric field their temporal derivatives) directly into electrical
and electric dipoles in the material which is inherently outputs. The primary functional requirements for such
non-linear [Ref. 5]. The fourth column is a sensors are their sensitivity to the strain or
magnetostrictor, which represents a coupling between displacement, or their time derivatives, spatial
an applied magnetic field and magnetic dipoles in the resolution and bandwidth. Secondary requirements
material and is also inherently non-linear. The absence (which again might have to be compromised in order to
of magnetic monopoles explains the absence of the reach primary requirements) include the transverse
fourth effect, which would be the interaction between sensitivity, the temperature sensitivity, linearity and
magnetic fields and magnetic monopoles in the hysteresis, electromagnetic compatibility, and size of
material. Shape memory is a qualitatively different sensor packaging. Unlike actuators, which are so large
effect, in which the application of electrical current and bulky that they have to be explicitly accommodated
causes heating in the material, and associated with the in the built up laminates, it is desirable to make sensors
heating is a phase change, and strain. In some materials small that they can fit into intralaminar or otherwise
the strain associated with phase changes can be unobtrusive positions.
recovered when the material cools, which is called the Sensing Mechanisms. There are two generally types of
shape memory effect [Refs. 4, 27]. Many of the actuator sensors which can be used in intelligent structures,
materials can be embedded as discrete devices [Ref. since they do not require an external reference. These
10], foils or fibers [Ref. 44]. are acceleration and strain sensors. Acceleration, of
All four of the material classes listed fulfill the basic course, is measured against an inertial reference frame.
strain actuator requirement of converting electrical Current technology allows the acquisition of integrated
inputs to strain in the material. A PZT is a common lead circuit chip-based accelerometers. These have been
zirconate titanate piezoceramic material having a fabricated using silicon cantilever structures with
maximum actuation strain on the order of 1000 micro piezoelectric capacitive, and electron tunneling
strain. PVDF is a polymer piezoelectric film which can detection mechanisms. Accelerometers are packaged in
produce about 700 microstrain, and PMN is a lead a way which allows them to be embedded in a structure
based electrostrictor which can create about a 1000 or highly distributed over its surface. The output of the
micro strain. Terfenol, a rare earth magnetic-like acceleration can be integrated once or twice in a high
material, can create about 2000 microstrain at its non- bypass manner to provide an inertial velocity or
linear maximum. And, nitinol (a nickel titanium alloy) displacement at the point of measurements.
can create up to 20,000 microstrain or 2% strain. Accelerometers are capable of making measurements

over wide frequency ranges, including nearly quasi-As seen in Table 1, the modulus of each materials is static.
comparable to that of structural materials with the
exception of the PVDF film, which has a significantly The alternative sensing scheme is to measure the strain
lower modulus. The next row in the table indicates the or strain rate in the structure (or the deflection or
approximate strain which can be induced on the surface velocity of one point relative to another). Strain can be
of an aluminum beam whose thickness is 10 times the sensed at a point in the structure or averaged over a
thickness of the actuation material. This value indicates larger finite area in order to yield some particularly
the range of strain which can be created in the host desirable output with the assistance of a weighting
structure and is on the order of 3 to 500 micro strain function [Refs. 35, 31, 6, 28, 8]. Weighting functions
with commercially available piezoelectric, can be chosen such that the output has frequency
electrostrictive, and magnetostrictive materials. In transfer function characteristics which are more
contrast, as much as 0.8% strain can be induced by the desirable and unobtainable from temporal filtering of
nitinol. However, the bandwidth of the nitinol is much discrete point signals. The phase and amplitude
lower than the other strain actuators because of the characteristics of weighted discrete point signals are
necessity to introduce heat into the material and intimately related through the Bode integral theorem.
especially because of the time constants associated with However, because an area averaging sensor can be
the removal of heat by cooling. The trade which must thought of as a device which can sense incoming strain
therefore be made is one of strain authority versus waves before they reach the center point of the sensor,
bandwidth. The piezoelectrics and electrostrictives have the device can in fact appear to be noncausal and thus
quite high bandwidths, effectively beyond the violate the causality assumptions of the Bode integral
frequency range of structural and acoustic control theorem. This allows distributed strain sensors to have
applications. Terfenol has a moderate bandwidth highly desirable roll-off characteristics with none of the
because of the difficulty of creating a rapidly changing associated undesirable phase loss. Note that such

weighting functions can be applied to the output of any
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sensing device, including fiber optic sensors, and does throughout a structure. Note that the sensitivities listed
not rely on a shaped piezoelectric strain gauge sensor. in Table 2 are made for reasonable excitation voltage,

ocommon weighting methods are modal sensors gauge length, and sensor thickness assumptions neededTwo to place the various strain sensors into a common
and discrete shaped sensors [Refs. 24, 26, 25]. Modal fot.

sensors use sensitivity weighting functions which are
distributed in such a way as to mimic the strain pattern Actuator-Sensor Synthesis. With certain types of
in one of the structural modes. Therefore, modal sensors actuators and sensors a level of synthesis can be
may be very sensitive to one mode, and through achieved in which the same device can be used for both
orthogonality, be relatively insensitive to other modes. actuation and sensing [Ref. 19]. Shape memory alloy
The frequency domain output is therefore concentrated fibers have been used in this application, as have
in bandwidths associated with particular modes of the piezoelectrics. In the case of piezoelectrics, the
system. embedded material is modeled by combining the
An alternative to modal sensing is discrete shaped actuator and sensor constitutive relations. In this

sensing, in which sensors cover a finite section of the configuration, the piezoelectric can be considered a
structure [Ref. 2]. By using relatively simple weighting generalized tansformer between the structural states
functions, such as triangular weighting or the Bartlett (sum and swain) and the electrical states (charge and
Window, discrete sensors can be made to roll-off voltage) [Ref. 18]. By making use of the properties of
rapindo, dinrequensors efect yacin g as ade oll-ow p generalized transformers, the same device can be usedrapidly in frequency, effectively acting as a low p. as both an actuator and sensor through a techniquefilter,. referred to as simultaneous actuation and sensing, or

Commercially Available Sensors. Current commercially sensuation [Ref. 13, I]. Typical sensuating circuits
available sensing devices are listed in Table 2. compare the charge which appears across a reference
Available sensing devices, which can be embedded in capacitor with the charge which appears across the
host structures, include traditional foil gauges, piezoelectric. Nominally, the difference corresponds to
semiconductor strain gauges, embedded fiber optics, the strain in the piezoelectric. Signal conditioning
piezoelectric films and piezoceramics. Foil and circuits can be designed to return either the strain or the
semiconductor gauges rely on a change in resistivity strain rate as an output signal. This scheme operates
associated with strain for their fundamental operation. essentially by using a mechanical capacitor as an
Piezoelectric and piezoceramic devices use the estimator to estimate part of the electrical states.
piezoelectric effect which constitutes the coupling Sensuation is advantageous for active control
between the strain field and the voltage observed at the application since the actuator and sensor are a perfectly
leads of the device. Fiber optic strain gauges rely on collocated pair.
interferemetric effects to cause the optical output of the Another form of actuator-sensor synthesis is the
fiber to change with the strain [Refs. 42, 40]. Thesenstivties inicaed i Tale , rage rom appropriate selection of actuators and sensors to
sensitivities, indicated in Table 2, range from smlf h tutrlcnrlpolm ncosn
approximately 30 volts per strain for the foil gauges, simplify the structural control problem. In choosing a
throughcontrol scheme for a structure one can, in principle,
104 volts per strain for the piezoelectric and select any form of actuator (i.e. applied force, appliedmoment or applied distributed strain) and any form ofpiezoceramic ganges. Fiber optics have a fundamentally sno ie ipaeet eoiyo ceeain
different relationship between the output and sensor (i.e. displacement, velocity or acceleration,
measurement which is expressed in degrees per strain slope, slope rate or acceleration, or strain, strain rate or(fier ptis podue rughy 16 dgres pr srai). acceleration). However, it may be that there is an(fiber optics produce roughly 106 degrees per strain), optimal combination of these nine possible sensor
The bandwidths of almost all the devices extend over opts and three possible genput
the range of conventional structural control. outputs and three possible generalized force inputs
thnsiderange ofa conventionallyavailable struciwhich simplifies the structural control problem.
Considering that commercially available strain gauges In order to examine this issue by example, the tip
are comparable in terms of their primary functional d ento amcanti e beamwled by a
requirements of sensitivity, localization, and bandwidth, discrete moment actuator at 1/10 the length of the beam
the choice of which to use in intelligent structures must from the root (which simulates the influence of a strain
be based on the secondary considerations. These actuator over the region from the root to 1/10 of the
considerations includes embeddability (which length). The beam was modeled by assumed
eliminates the soft piezoelectric films), the ability to lemeth finTe elemenas andeitdwas assumed
introduce weighting functions, and electromagnetic displacement and itas at the ae r
compatibility issues (which generally reduce the of the displacement and rotations at the nodes were
attractiveness of foil gauges). In the associated available as sensor outputs. Linear quadratic regulator
electronics, which must be incorporated in order to theory was then applied, and the feedback from the
extract the strain signals, the last consideration teds to nodal displacements and rotations to the discrete
prejudice against the fiber optics. The remaining moment actuator was computed. By making use of the
preferable strain sensors are therefore likely to be assumed displacement functions within the element, the
derivatives of the semiconductor based or piezocermic continuous spatially distributed feedback gain function
dervaices, unle the semignaconditionine elezctronics (or kernel) from displacement and displacement rate todevice s, unless the sign al condition ing elec tronics th ac u or an b c l u a ed T e f n ti n s ws oassociated with embedded optics can be made small the actuator can be calculated. The function shows no
ensouhoaoated withembed ded opticsprbemad e d st o regular pattern of displacement feedback. When theenough to accommodate wide spread distribution displacement feedback function is twice integrated to
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produce the equivalent strain feedback function, a much structure. In a limited number of cases, such
more regular pattern appears, diminishing dereverberated transfer functions can also be calculated
approximately exponentially from root to tip. In another from wave propagation theory.
example, the optimal output feedback was calculated
for the sinusoidal flexural modes in an infinite beam for Unfortunately, the optimal single-input single-output
distributed moment actuators. It was found that if compensator is unachievable because the resulting
transverse inertial velocity and strain were measured, transfer function is usually non-causal. Therefore, it is
the optimal output feedback for flexural waves of a necessary to use the best causal approximation.
uniform structure (assuming uniform weighting Approximations can match the amplitude and/or phase
functions of the error) were exactly collocated. The of the non-causal compensator over some specified
simplicity of the strain feedback functions to strain frequency range, but not over the entire frequency rangeactuation in these cases could imply that strain is a more of interest. The exact procedure is to determine the

actutio in hes ca coud iply hatstrin i a ore transfer function from actuator to sensor, dereverberatenatural input and output than displacement and force, the transfer function, and approximate the
and is certainly more easily achieved in a distributed dereverberated function with a causal approximation.
manner for real structural forms.

Optimal Global (High-Authoritly Control. While local
Control Methodologies and Algorithms control is useful for adding damping and low-authority

control, global or high-authority control must be
The real intelligence of inteigent structures stems from utilized for objectives such as disturbance rejection,
their highly distributed control functionality. There are shape control, and stabilization of the structure. In the
three levels of control methodology and algorithm design of global controllers, one issue is how to
design which must be considered for intelligent establish a control architecture for structures with a
structures. These three levels are local control, global large number of actuators and sensors. There are two
algorithmic control and higher cognitive functions. The limiting cases. The first is a completely centralized
objectives of local control are to add damping and/or controller in which the signals from all the sensors are
absorb energy and minimize residual displacements. fed through the structure to a centralized processor. The
The objectives of global algorithmic control are to control inputs are then computed and fed back
stabilize the structure, control shapes, and reject throughout the entire structure to the distributed
disturbances. In the future, controllers with higher actuators. The second is a completely decentralized
cognitive functions will have objectives such as system design, which is essentially the same as the local control
identification, identification and diagnosis of already discussed. The centralized design would have
component failures, the ability to reconfigure and adapt the best performance, but would be computationally
after failures, and eventually to learn [Ref. 41]. inefficient. A single centralized processor would have

Optimal Local .,ow-Authority) Control. In the design to process signals at rates corresponding to the highest
of local or low authority control, the principle issue is mode being controlled, and would have to read all of
how to design the best controller, considering that the inputs and calculate all of the outputs for the entire
hundreds or thousands of actuators and sensors may be system. Obviously, such huge computational
distributed throughout the structure [Ref. 3]. Further, it requirements (typically on the order of 1OOx100 to
may be desirable to use local connections to introduce 1000xl000 at speeds of 1000 Hz) cannot be met, even
some level of control (or add some damping) into the with dedicated real time control computers (capable of
structure before attempting to close global feedback computations on the order of IWxlO to 30x30 at roughly
loops with large numbers of actuators and sensors. Here a 1000 Hz).
the choicc of ideal local control is quite obvious. Perfect As a secondary consideration, the centralized sheme
local control is accomplished by simulating the requires the passage of many relatively low level
conditions of matched termination, so that all of the electrical signals, all the way from the original sensor to
impinging energy is absorbed by the controller [Ref. the centralized processing area. Thus the centralized
33]. However, simulating conditions of matched scheme lacks both computational efficiency and
termination requires actuation and sensing of all consistently high signal-to-noise ratios. On the other
independent cross sectional variables, which is usually hand, the decentralized scheme lacks good
not feasible in a structural controller. For example, in performance. And, although localized control can be
the case of a flexural wave such matched termination used to add damping and reduce residuals, it cannot, in
would require sensing of displacement and rotation, and general, produce the type of performance achievable
actuating of moment and sheer at a point. when information is fed back to actuators all over the

For the case of a system with a single output, the structure. Therefore a compromise must be made
optimal compensator is found by matching the between the two approaches. One such compromise is
impedance of the compensator to the reciprocal of the to use a scheme, midway between a completely
complex conjugate of the dereverberated frequency centralized and completely decentralized control, which
transfer function [Refs. 29, 30]. The dereverberated is referred to as a hierarchic or multi-level control
transfer function of a structure at the observation point architecture [Refs. 20, 21]. In this scheme there would
is obtained by ignoring the effects of reflections from be two levels of control, a centralized controller for
discontinuities in the boundaries in the far field. This overall performance and distributed processing for local
can be obtained by smoothing or averaging the control. Such a structure would be divided into finite
normally calculated frequency transfer function of the control elements with local processors providing local
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control using measurements made within the element and integrates nearly all of the electronic functionality

and actuators within the element. An average required to implement local processing for a hierarchic
representation of the shape within each element would controller. With 16 bit precision, 10 inputs and 10
then be passed on to the global processor for providing outputs, this device can perform the calculations for an
global high-authority control. This division of the LQR controller at 3 kilohertz. Alternatively, for a ten-
control function into local and global control has been state LQG controller, it can perform these calculations
found to be quite practical, and from an engineering at 1000 Hz. Thus the capabilities needed for the local
perspective completely reproduces the performance of a processors are clearly achievable within the state-of-
truly centralized structural controller. the-art.

The last question which must be answered is: can such
Controller Architecture and Implementation micro-devices be embedded within a structural
Hardware laminate? The issues here are: whether the device will

The presence of actuators and sensors and highly survive the temperature and pressure cycles of the
distributed control functionality throughout the curing process; and whether it can survive the
structure implies that there must be a distributed periodically applied strain fields of the operational
computing architecture. The functional requirements for environment as well as the temperature and humidity
such a computing architecture include a bus conditions of general operation. A preliminary
architecture, an interconnection scheme, and a investigation of this subject finds that the embedding of
distributed processing arrangement. The bus micro-devices is feasible within common structural
architecture should be chosen to yield a high laminates [Ref. 46]. Electronic devices without
transmission rate of data in convenient (probably protective packaging have been embedded and cured in
digital) form throughout the structure. The laminated test coupons. These coupons were subjected
interconnections must be suitable for connecting a to quasi-static loads, and the first ply failure occurred at
(potentially) large number of devices, actuators, nearly 8,500 microstrain and subsequent ply damage
sensors, and processors with the least degradation of was recordec up to nearly 13,000 microstrain. The
structural integrity. If the actuators and sensors are electronic devices continued to function normally all
embedded within the structure, the interconnections the way to failure of the test coupon. Embedded, but
also should be embedded within the structure in order to chemically, electrically and mechanically isolated
avoid the necessity of running the electrical connections integrated circuits have been shown to function up to
through otherwise structurally important plies. Finally, the breaking point of typical graphite epoxy laminates.
the processing requires that the functionality, which The remaining challenges in this area are: the
includes signal conditioning, amplification, D/A and robustification of the electrical contacts on to and off of
A/D conversion, and digital computation be distributed the device, which are subject to fatigue loading; the
throughout the structure. Secondary requirements design for the long term temperature and hermicity
include minimizing electrical magnetic interference, environments; and the design of the signal and power
maintaining the mechanical strength and longevity of conditioning electronics to minimize the heat
the structure and of the electronics components, and dissipation into the structure.
thermal and chemical compatibility of electronic
components within the host structure. APPLICATIONS FOR INTELLIGENT

Bus Architecture. Selection of the bus architecture will STRUCTURES
strongly reflect the hierarchic control architecture A wide variety of applications exist for intelligent
chosen. Typically structures will have distributed structures technologies [Ref. 37]. These includeactuators and sensors which report (probably analog aeroelastic control and maneuver enhancement,
signals) to a local processor where the local control is reduction of vibrations and structure borne noise [Refs.
calculated. These local processors then communicate 17, 32], jitter reduction in precision pointing systems
over (probably digital) busses to the global processor. [Ref. 15], shape control of plates [Refs. 22, 38], trusses
Trade studies have shown that distribution and and lifting surfaces, isolation of offending machinery
embedding of a digital bus interface can simplify the and sensitive instruments, and robotic control [Ref. 39].
overall interconnections in systems with more that 20 or
30 sensors and/or actuators [Ref. 45]. Thus a relatively Despite the fact that truly intelligent structures have not
small number of actuators and sensors move the design yet been built, a number of experimental
toward one of a bus architecture. implementations of intelligent structures component

technologies have been built and demonstrated.
questing hiarchae andrMtheriae Imneralo The next Particularly, many researchers have investigatedquestion which is: are there embeddable processors applications of distributed actuators and sensors and
which can perform the functions of the local controller? applicetionsrof distrited Whators and so d

Here we only have to look at commercially available advance control algorithms. What is lacking to date is
sere-wconlyhai e micoproessors, such cm raly aie I the distribution of the control and processing, but thesesingle-chip microprocessors, such as the Intel parts of the technology are expected to evolve in time.
87C196KB. This processor has a central processing Four examples found in the recent literature are
unit, A/D, D/A, sample and hold functions, discussed below: the aeroservoelastic control of a lifting
multiplexors, a serial port, high speed digital surface, precision control of a truss, seismic and control
input/output, and 16K of memory on a single chip. This of a building, and control of radiated sound.
commercially available device operates at 12 mega Hz
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In the first example, a typical high performance aircraft- response to the disturbance from a simulated large
like wing was built out of a graphite epoxy laminate earthquake. Figure 7 shows the building excitation with
with piezoelectric actuators distributed over 71% of its and without the control system. As a result of the closed
surfaces [Ref. 23]. The actuators were arranged into loop control, the damping factor was increased from
three banks which consisted of the vertical columns nearly zero to twenty percent in the first three modes,
shown in Figure 2. The actuators were wired so as to with significant reduction in the low frequency
induce bending in the laminate. Three tip displacements component.
were used for displacement feedback. The controller The final example considers the reduction of sound
implemented was a reduced order, 14 state, LQG radiated into a room or aircraft cabin by active control
controller. The control objective was gust disturbance of the plate and shell-like members which form the
rejection and flutter suppression, walls. To simulate this situation, a rectangular plate was

Shown in Figure 3 are the analytically predicted and placed inside a test chamber [Ref. 7]. The plate was
experimentally measured open and closed loop control. controlled by three piezoceramic actuators placed as
As can be seen, the DC response of the structure was shown in Figure 8. Two PVDF piezoelectric film
reduced by almost 10db, which corresponds to sensors were used to measure the vibration of the plate.
approximately a factor of three stiffening in the The excitation source was an electromagnetic shaker
structure due to the application of the closed-loop which drove the plate at a known frequency
control. The first mode was virtually eliminated from corresponding to, for example, the excitation of an
dynamic consideration, being reduced 30 db from an aircraft cabin wall from the rotation of the propeller
already present 1% damping. The second mode, which outside the wall at a known RPM. In these cases,
was torsional, was less strongly influenced, with a 10db adaptive LMS algorithms are likely candidates for the
reduction. This was due to the fact that this mode was control scheme. These schemes make use of knowledge
less controllable than the first or third mode. The third of the frequency at which the primary excitation is
mode achieved a 20 db reduction. Overall the RMS occurring. The control objective in this example was
response in bandwidth up to 100 hertz was reduced by narrow band reduction of the radiated far field noise.
about 15.4 db. This is an example of the relatively high Figure 9 shows the radiated sound pressure level for the
gain control which can be introduced into a structure, open-loop case, and the cases of one-piezoceramic
and is probably the largest control authority which has actuator with one-sensor, and two piezoelectric
yet been reported on a structural test article in actuators with two sensors. As can be seen from the
experimental implementation, diagram on the left, the radiated sound pressure level

was reduced by about 30 db. The figure on the rightThe second example of a prototypical intelligent indicates that this was achieved by principally reducingstructure is the "dial-a-strut" or locally controlled strut, the response of the three-one mode, which
which is part of a precision control truss experiment corresponded to the frequency of the excitamion source.
(Figure 4) [Ref. 71. In this case, the structure contains
two active piezoelectric struts. Each strut has a These four examples are but a few of the cases in which
collocated displacement and force feedback. By making investigators throughout the world are now applying
measurements of the collocated displacement and force, distributed actuation and sensing to a wide variety of
the localized optimal impedance matching described control problems. It is encouraging that these early
earlier can be implemented. The control objective of experiments show not only the feasibility of intelligent
this experiment was disturbance rejection of on board structures application, but remarkably good agreement
machinery noise, which would be typical of the need to between theory and experimental results as well. Of
reduce the jitter in a interferemetric spacecraft. Figure 5 course, further experimentation is necessary to establish
shows typical transfer functions (open-loop and closed the technological limitations as well as the feasibility of
loop) for one, and two of the dial-a-struts. By distributing the processing and control architectures.
comparing the open-loop and two strut closed-loop
response, it can be seen that the first and second
structural modes were significantly modified. Both the STATE-OF-THE-ART AND FUTURE NEEDS
first and second mode response was reduced by 40 db. Currently, all of the technologies needed for cost-
Note however that in this case the initial structural effective application of intelligent structures have not
damping was quite light (roughly a few tenths of a been sufficiently developed. There are a number of
percent). Thus the local collocated approximation to the difficult problems which remain. Some of the more
optimal non-causal controller is seen to achieve good important of these problems are discussed below.
performance in a realistic structural configuration. Better Actuation Materials. In order to truly achieve the

The seismic control of buildings is a considerably larger desirable level of control for many structural
scale application of intelligent structures. Experiments applications, actuation materials which have 3 to 10
were performed on a model building with a simulated times larger strain than those currently commercially
earthquake disturbance (Figure 6) [Ref. 36]. Control available must be developed. Or materials should be
was effected by an active shear brace incorporated into developed similar to shape memory alloys, but with
the structure. Five transverse accelerometers were used much higher bandwidth than those currently available.
to monitor the control response of the structure, and two Alternatively, innovative uses of currently available
of them were used for feedback control. The control materials, such as complex electrode patters which offer
objective was to minimized building acceleration in
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higher strains in piezoelectric devices, need to be all) to repair such materials in service? Such issues will
investigated, obviously have to be addressed before a widespread

Qptimized Sensors. There is a great deal of work to be application of this technology is possible.

done in the design and the optimization of sensors to
alleviate such problems as spillover, and to focus ANTICIPATED RESEARCH AND
control effort on the bandwidths of interest through DEVELOPMENT
selective observability of the structure. In the near future, it is expected that wide spread

Inherently Structural Control Algorithms. Much of the application of the current technology (the present
theoretical work done for controlled structures has been generation of actuators, sensors, processors and control
by control theoreticians who view the structure as an methods) will occur. In addition, near term
already discretized matrix system. However, structures improvements are expected in these areas. The breadth
are inherently distributed parameter systems and of application of this technology is expected to not only
experience has shown that gains are made by span the aerospace industry, but become widespread in
considering this inherent distribution, as weli as the the home construction, automotive, and machine tool
inherent bandedness of structures in their parametrized industries as well.
form. In the more distant future, the evolution of a new
Distributed Control. The proper distribution of control physical-biological technology is anticipated. This
between a lower level and a higher level systems is still technology will have two trends which are
a subject which needs to be developed more complementary. First the introduction of intelligence
completely, so that stability is guaranteed while into the physical world, by the application of a machine
performance is maintained, electronic intelligence to otherwise unintelligent

Power Conditioning and Switching. Although it is devices. Secondly the introduction of life into

conceivable that signal level electronics can be highly engineering application, i.e. the application of

distributed through a system, power conditioning and biological processes to the solution of engineering

switching requires dissipation of some amount of problems. One might envision, for example, that the
energy. In order to make a feasible system, this power engineering schools of the future will have in additionenery. n oderto mke fesibe sytem ths pwer to their existing departments of civil, mechanical,
conditioning and switching must be done in a way electrical and aeronautical engineering, a department of

which minimizes the local heat load on the structure, so aled biolog ical engineering. Much pasthe se

that the system can be embedded without thermally applied biological engineering. Much as the steam
degrading the material, engine drove the technology of the 19th century and

electronics drove the technology of the 20th century,
Structurally Robust VLSI. Here the challenge is to take one can envision that the application of biological
commercially available electronic components and concepts to engineering will drive the technology of the
develop innovative packaging techniques in which the 21st century. Engineering will cease to be the
interconnections to the silicon devices are structurally application of only the physical sciences for therobust, so that these devices can survive the strain and betterment of mankind, and become the application of
fatigue environments of typical structures. all science, including both the physical and life
Minimized Impct on Host Structure. The presence of sciences, for the betterment of humanity.
active elements (actuators, sensors and processors)
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Table 1. Comparison of strain sensors

PZT G-1195 PVDF PMN TERFENOL DZ NITINOL
Actuation piezoceramic piezo film electrostrictor magnetostrictor shape

Mechanism alloy

Am , 1000 700 1000 2000 20000
pstrain

E, Msi 9 0.3 17 7 4 (m),
13(a)

Fmain 350 10 500 580 8500 (a)

bandwidth high high high moderate low

for a sheet of actuator bonded to aluminum beam (te/ta-10) in bending
assuming AC value of A

(m) - martensite (a) f austenite

Table 2. Comparison of actuation strain materials

foil a semiconductor a fiber b piezo film c piezoceramic c

sensitivity 30 V/W 1000 V/W 106 0 /E 104 V/c 2x104 V/£

localization, 0.008 0.03 -0.04 <0.04 <0.04
in

DC - DC - -DC - -0.1 Hz - -0.1Hz -bandwidth acoustic acoustic acoustic GHz GHz

a) 10 V excitation

b) 0.04 in interferometer gauge length

c) 0.001 in snsor thickness

S . . .. . . . ................ ,- i i . . " - - - .
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Figure 1. Intelligent Structures as a subset of active and controlled structures [Ref. 43]
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Figure 2. Active aeroservoelastic wing [Ref. 23]
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Figure 3. Comparison of the analytical prediction and experimental results of the open
(solid) and closed loop (dashed) for bench top testing of the active wing
[Ref. 23]

Figure 4. Precision truss with dial-a-strut [Ref 161
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Figure 5. Open loop (dotted) vs. closed loop for one (dashed) and two (solid) Dial-a-
Struts [Ref 16]

Figure 6. Building model for controlled seismic response [Ref 36]
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Figure 7. Comparison of open and closed loop response of mid-building accelerometer
under simulated seismic excitation [Ref 36]
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Figure 9. Spatial distribution and frequency content of radiated sound with no control

and two arrangements of control actuators and sensors [lRef 7]
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The Satellite Attack Warning and Assessment Flight Experiment (SAWAFE)

Michael Obal, Bill Saylor, Hugh S. Murray, Martin R. Sweet, Dan Holden and Calvin Moss
SDIOITNI

The Pentagon
Washington, DC 20301-7100USA

1. SUMMARY to the SDIO space system programs that a reliable
A program to develop an advanced satellite health threat detection subsystem can be developed that
and status monitoring subsystem for detecting will enhance the overall cost effectiveness of
and discriminating hostile threats is described, constellation management is of value.
The threats considered are laser, radio frequency
and x-rays. The subsystem uses lightweight Concepts involving attack warning for satellites
electronics and sensors that are imbedded in the have evolved over a number of years as the
satellite structure to minimize the integration tactical and strategic military value of satellite
impact on the host satellite. The novel sensor surveillance and communication systems has
materials are described. The first of a series of increased. One Air Force project known as the
flight experiments is also described. Satellite On-orbit Attack Reporting System

(SOARS) examined many aspects of satellite
2. INTRODUCTION attack warning but, due to funding issues, is

currently undergoing a reexamination of the
To accomplish the mission of GPALS in a cost original program goals. The SOARS system was
effective manner will require real time mission not intended for SDIO type space assets since its
monitoring and control capabilities beyond what sensors and support avionics were not
is currently available. Essential to this task may constrained to meet the minimum required weight
be the requirement for sophisticated on orbit and power goals.
health and diagnostics systems that can supply
real time higher order processed information on The Satellite Attack Warning and Assessment
the status of each satellite element. This Flight Experiment (SAWAFE) is an SDIOTNI
information would then provide the national funded project that will develop and demonstrate
command authorities with a continuous estimate this particular critical component of a viable on-
of the weapon system's effectiveness, orbit health monitoring-system. The technology

goals are to define the nature of an attack (where,
One critical area of on orbit health monitoring is what physical means, intensity, etc.), provide
the identification and warning of tampering or awareness of tampering with the space platform
attack on constellation satellite elements. As or its primary sensors, and provide collateral
satellites in the constellation fail, the nature of the information for failure analysis. Though similar
failur- must quickly be determined. If analysis to SOARS, SAWAFE aims to demonstrate a
of the failure indicates tampering or attack, the variety of new technologies such as "smart or
constellation damage can be minimized by sensory skins" to meet the required minimum
initiation of appropriate actions. Timely weight and power goals. Of particular concern
identification of tampering and attack may also relevant to space assets is the ability to detect
provide early warning of a ballistic missile attack, radio-frequency, laser and nuclear attacks against
The validity of attack threats to space assets is the satellite.
currently a major debate within the threat
definition community given today's rapidly The approach taken in the SAWAFE program is
evolving global political environment. Though to design a system that minimizes impact on the
not the purpose of the paper to enter into this host satellite through the use of miniature sensors
debate, it is the hypothesis that the proliferation and low power and mass sensor conditioning and
of commercial lasers, sophisticated RF sources processing avionics. To achieve minimum
and nuclear technology make such threats to system weight and power goals, all portions of a
space assets in the next decade probable. Given "typical" satellite structure were examined for
this evolving threat environment, demonstrating sensor surface area and avionics volume. After a
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variety of trades, the area selected was the outer The SAWAFE system will draw heavily on other
surface structure of the satellite which usually DoD/DOE-funded technology development.
consists of aluminum honeycomb sandwich SAWAFE represents a significant advance in
panels with protective multilayer insulation. The embedding a broadband RF antenna into a
term "smart or sensory skin" is used to define structural component of a spacecraft. The laser
such an external structural member that not only detector technology is the first space application
carries load and provides thermal protection, but of laser detectors developed for tactical DoD
contains within it's volume a variety of sensors systems. The x-ray detector is an outgrowth of
and avionics. Embedding the sensors into the the advanced technology development for nuclear
volume thickness of a typical panel rather than as detonation, detection, and characterization. The
an additional avionic component provides a use of fiber optic or CCD arrays, surface-
variety of system advantages such as: reduced mounted on a spacecraft to detect and characterize
avionic subsystem container parasitic weight, the the x-ray fluence from a nuclear detonation,
elimination of antenna deployment mechanisms, represents the next generation of detector
decreased satellite response settling time during technology. An attack recognition processor
high slew rate maneuvers by reduced antenna (ARP) is an extension of the adaptive event
appendages, and easier packing of multiple classification hardware and software being
satellites in a launch vehicle, developed for FORTE and other programs.

Some of the design and development issues Extensive ground testing will be used to
identified in using a sensory skin concept are: the characterize the response of the sensors,
EMI interaction between the widely differing individually and as a system, to known ground
sensors and supporting avionics, the thermal sources. However, the trans-ionospheric
control and balance of the panel and as well as propagation of event signals, the on-orbit
the overall system, the survivability of the material and functional performance of the
sensors and avionics during launch when the sensors, and the operation of the ARP during
panel is experiencing maximum load, sensor flight can not be validated during ground testing.
degradation in the space environment, and
definition of a ground maintenance and test The research and development products from the
concept prior to launch. The SAWAFE program SAWAFE laser, RF, and x-ray sensors and the
is a flight test intensive research program ARP will feed into the design of attack warning
developed to investigate these issues. and assessment (AWA) technology for

operational systems. The information from
The first generation SAWAFE is scheduled for a SAWAFE will also be useful to other space
FY1994 launch on the US Air Force Space Test programs for characterizing the space
Program STEP 3 mission and will concentrate on background environment.
demonstrating the space survivability and
operability of "smart skin" laser, x-ray and RF 3. SENSOR TECHNOLOGIES
sensors. The hardware will consist of an At the start of the SAWAFE program, a critical
integrally mounted panel with embedded sensors review of sensor technologies was undertaken.
and a separate electronics box used to control the Based on existing technologies and development
experiments and collect data for transmission to programs in place, additional sensor development
the ground. The experiment will be an was necessary to meet the programmatic goals.
autonomous, high data rate payload that operates The following sections describe the sensor
completely independently of the spacecraft technologies that were chosen for development.
computer. The sensor panel itself will be a
structural member of the STEP 3 satellite. 3.1 Laser Sensor Subsystem

During the mission, RF, laser, and x-ray sensor 3.1.1 Advantages of polymer film detectors
experiments will be conducted to measure sensor The need for a laser attack warning sensor that
backgrounds in space and validate tie sensor can be attached to, or integrated with, the
performance goals. The demonstration of data spacecraft skin and thus minimize intrusion on
fusion and advanced signal extraction techniques the spacecraft suggests the use of a pyroelectric
will initially occur on the ground. polymer film as an infrared laser detector. A

I



7-3

polymer such as polyvinyldenefluoride (PVDF) response. Figure I compares the polymer/solid-
is available in very large pieces (on the order of 1 state thermocouples with a low mass Type-K
mA2) and in thicknesses from less than 10 thermocouple junction previously developed for
microns up to 1 mm. The variety of available attack waning. For continuous wave (CW)
sizes, shapes, and thicknesses of the primary response, the SAWAFE sensor is significantly
detector medium allows for considerable more sensitive than the low mass Type K
flexibility in choosing detector responsitivity and junctions, due to the larger Seebeck coefficient in
placement on the spacecraft surface. The film the semiconductor/metal junction.
can be attached to curved surfaces; large aperture
detectors can be fabricated for wide coverage; The polymer detector unit provides high transient
arbitrary shapes can be formed to take advantage responsitivity at input frequencies in the kilohertz
of available surfaces; and because of simple range. The high rate is due to the extremely low
fabrication procedures, several detectors can be mass heat capacity of the thin film and this rate is
positioned at different orientations over the many times faster than that of a low mass
spacecraft skin to obtain angle of arrival thermocouple.
information. The polymer detector has been
shown to be resistant to ultraviolet and ionizing 3.1.3 SAWAFE laser sensor concept
radiation. For an integrated skin sensor, multiple layer

coatings can be deposited on the polymer to
Pyroelectric polymers have lower pyroelectric provide selective absorption at specific
activity coefficients than ceramic and crystalline wavelengths of approximately quarter-wave
materials; however, voltage responsitivities and layers of titania, alumina, and nickel. Figure 2 is
detectivities equivalent to those of traditional an example of a typical mounting for a flight
materials can be achieved with polymers by using experiment. Different combinations of coatings
large areas and very thin detectors. Pyroelectrics show absorption peaks over a wide range of
are primarily transient radiation detectors. Their infrared wavelengths (Figure 3). Several of
responses are greatly attenuated for temporal these coated polymer detectors were exposed on
variations slower than the thermal time constant the STS-46 Space Shuttle EOIM-3 atomic
of the detector. Excellent rejection of low oxygen test in July, 1992 to verify survivability
frequency variations in background radiation is of the polymer and coatings in low earth orbit.
achieved because of the low frequency With coatings and electrodes, a polymer detector
attenuation. In space, where radiative losses is approximately 10 microns thick. Electronics
dominate the thermal time constant, the thermal for preamplification is provided by surface
time constant is quite long, so that the frequency mounted packages on flexible printed circuit
response covers a reasonably wide range. The board substrates to maintain conformability.
high frequency cutoff of the pyroelectric
response depends upon the detector capacitance
and load resistance.

3.1.2 Comparison of thermal detectors
Thermal detectors such as pyroelectrics are
inherently much less sensitive than
photoconductive detectors. Thermal detectors,
however, have a broad spectral response; they
require very little power for operation; they are
rugged, survivable, and easy to fabricate. The

objectives of the SAWAFE system are to provide
a non-intrusive sensor system and to provide a
thermal sensor system with substantially
improved performance compared to other thermal

Ssensor systems. These objectives are
accomplished by using pyroelectric polymers and
solid-state/metal thermocouple junctions (Si/Au)
to obtain good sensitivity and wide frequency
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3.1.4 STEP-3 detectors used, the exterior surface of the antenna may also
The STEP-3 flight is a near term test of require protection from atomic oxygen attack.
SAWAFE laser sensor capabilities. The STEP-3 Because of spacecraft charging phenomena, the
sensor system will be made of seven detectors. antenna must have a resistive coating to allow for
Five sensors consist of small disks of PVDF film a continual charge bleedoff.
on printed circuit boards (PCB) with surface-
mount preamplifiers on the inner surface. Three The technologies used in the receiver must be
of the disks will be covered with discrete able to be miniaturized and reduced in power
interference filters to select specific wavelengths, consumption for them to be further developed for
One disk will be a broadband absorber, and one spacecraft "smart skin" applications. The
disk will be shielded from optical inputs to receiver used for the STEP-3 flight experiment is
provide common mode rejection of nonoptical a compressive design which (Figure 5) includes
stimulation. The remaining two detectors will be several wide band receiver channels with detector
Si/Au thermocouples to provide CW response circuits for pulse parameter estimation. Digital
indication. This modular detector approach logic in the receiver estimates the parameters of
allows for placing the detectors on the test panel the signal. The data are then used by the attack
wherever space is available, and to allow for recognition processor to perform the signal
testing the basic capability of the polymer sensor characterization.
system using standard filters. Figure 4 is a
schematic of the STEP 3 laser detector system. 3.3 X-ray Sensor Subsystem

The purpose of the nuclear detonation (NUDET)
3.2 RF Sensor Subsystem detector in the satellite attack warning and
The requirements for the RF threat sensor assessment suite of sensors is to detect a NUDET
subsystem demand that it functions as a modern that poses a threat to a satellite element or
electronic support measures (ESM) system and constellation area, and to determine the dose
yet be contained within the skin of the spacecraft. received by the particular host spacecraft.
The resulting geometric configuration, mass,
power, and environmental constraints for a Several detector types have been considered for
minimum impact on spacecraft applications are the SAWAFE program. Silicon photodiodes
significantly different from most ESM have high sensitivity, small size, good linearity,
implementations. The signal environment is also provide fast signal timing for geolocation, and
quite different from conventional applications. are moderately radiation hard. However, they

are sensitive to electrostatic discharge and
The need for broadband frequency coverage, at charged particles, they must be operated in a
least one decade per antenna, with as wide as coincidence mode to prevent false alarms, and
possible a field of view leads to the use of multi- require multiple sensors with filters to measure
arm spiral antennas. Because of thickness the x-ray spectrum. The combination of
constraints on the integrated sensor panel, a scintillators and photodiodes also provides a
resonant cavity design was not selected. The detectors technology with good linearity, small
antenna must also be mounted on the size, and high sensitivity. However, it has a
electromagnetic exterior of the spacecraft with the slow rise time (when used with an inorganic
choice of mounting substrate used based on a scintillator), is sensitive to electrostatic discharge
trade-off among mechanical, thermal , and and charged particles, requires multiple filters for
electromagnetic properties. For example, high spectral measurements, and requires multiple
dielectric constant materials that would enhance detectors for false alarm rate reduction. "High Z"
antenna performance when used in thick enough sensors (e.g., CdTe, Hg12, GaAs) share similar
configurations impose a significant mass penalty. advantages and disadvantages. Thermal-based
For the STEP-3 flight experiment, the available sensors (microcalorimeters) offer very high

q space is limited to an 8 inch by 11 inch area. sensitivity and energy resolution, but require
cooling to very low temperatures and have slow

The antenna design is placed on the surface of the rise times.
substrate through the use of either adhesives,
physical vapor deposition, or chemical vapor
deposition processes. Depending on the material
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The two technologies being developed under the 4.1 Experiment Objectives
SAWAFE program are charge-coupled detectors The primary objectives of the SAWAFE
(CCDs) and fiber optics. The CCDs offer long hardware and software on the STEP-3 mission
term potential for a skin-mounted sensor that are to demonstrate the functional operation and
provides a direction vector to the source, high space survivability of the three sensor types,
energy resolution, and can be implemented in a laser, RF, and x-ray, when mounted on an
geometry that protects the sensor from radiation exterior spacecraft panel in low earth orbit.
damage. However, the CCDs require cooling to (Figure 8) Experiments will be conducted to
-500 C and have a relatively slow response to measure the performance of the sensors and
multiple events, prototype signal detection circuitry. The sensors

will collect significant amounts of data during the
Two types of fiber optics have been developed, mission that will be used to characterize the
Glass darkening fibers that have changes in their natural and man-made background signals.
optical transmission properties when exposed to
x-ray radiation are used in conjunction with light The sensors will each collect data for an entire
emitting diodes (LEDs) to measure received orbit. Statistics will be generated to determine
dose. The darkening occurs on the order of a the signal background as a function of orbit
few microseconds and the recovery time can be location, time of day, and time of year. This
adjusted from microseconds to years as a information provides a basis for designing the
function of the chemical composition of the fiber. follow-on SAWAFE systems. Other calibration
The scintillation fiber is based on the same experiments will also be performed to measure
principle as an ordinary scintillator sensor but the absolute performance of the sensors in space
with important differences due to the geometry. as a function of time.
The scintillating fiber is on the exterior of the
spacecraft and the readout electronics can be on For most experiments, data from the sensor will
the inside of the spacecraft. be written into the FIFO (first in, first out)

buffers on the instrument subsystem and
On the STEP-3 flight experiment, both darkening transferred to the SAWAFE processor and solid-
and scintillating fibers will be mounted on the state data recorder (SSDR). At the start of the
surface of the RF antenna on the exterior of the experiment, the raw data will be collected and
sensor panel. (Figure 6) The fiber optics must passed through the ground station to the
be protected from atomic oxygen attack and experimenters. The raw data will be used to
spacecraft discharge with a coating thin enough generate signal identification algorithms that will
to not attenuate the x-ray signals. The coating distinguish among natural and man-made
cannot be a highly conductive material, such as background signals and simulated threat signals.
vapor deposited aluminum, because it will be
placed over the RF antenna. 4.2 Panel Design

The panel with the embedded SAWAFE sensors
4. STEP-3 MISSION has three design objectives. First, the panel is to
The STEP-3 mission is a U.S. Air Force Space be a structural, load-bearing member of the host
Test Program flight to provide a platform for spacecraft. Second, the SAWAFE panel will
several technology demonstration experiments, have the various sensors mounted in a realistic
The satellite used as host platform is a small configuration that is representative of potential
TRW/DSI satellite that will be launched from a applications of the developed technologies.
Pegasus into low earth orbit between 30 to 60 Third, the panel design will have minimal impact
degrees inclination. The SAWAFE hardware on the spacecraft thermal or mass balance
flown on this mission consists of an exterior properties.
panel (Figure 7) with embedded sensors and an
internal avionics box that will run the The final panel design and sensor layout
experiments, collect data, and interface with the represents a compromise among the design
STEP-3 spacecraft computer. goals, the sensor mounting requirements, and the

available space. The panel consists of a layer of
Lockheed high thermal performance (HTP)
insulation which is a rigid, composite fiber,
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ceramic insulation material based on the tiles the SAWAFE CPU. The CPU will

developed for the Shuttle Transportation System. autonomously cycle through various sensor
The HTP material has low density and dielectric experiments, record subsystem sensor data in its
constant. own 32 Mbyte SSDR, process raw data as

appropriate and inform the spacecraft of
The substrate is mounted on a 0.032 inch thick experiment completion.
piece of aluminum plate that has dimensions of
approximately 9 inches by 12 inches. The HTP There are five separate experiments on the STEP-
is 8.0 inches by 10.25 inches. The HTP is 3 mission and, because of power and telemetry
attached to the aluminum plate with a layer of considerations, the experimental power will be
RTV adhesive, a layer of NOMEX felt for strain cycled on and off numerous times during the
isolation, and another layer of RTV adhesive, mission life. The SAWAFE CPU includes 64
(Figure 9) kbyte of PROM that contains a compressed form

of the real time operating system (RTOS). There
The laser sensors are each contained within an is also 1 Mbyte of non-volatile EEPROM and 1
aluminum sleeve approximately 1.25 inches in Mbyte of SRAM. When the spacecraft controller
diameter. The HTP has holes machined in a supples 28 VDC to SAWAFE, the SAWAFE
pattern for the laser sensors and the laser sensors CPU initiates a "cold boot", checks the status of
are epoxied into the holes. Because of the limited the EEPROM, transfers and decompresses the
area, some of the laser sensors are placed RTOS kernel from PROM to EEPROM (if
between the arms of the spiral RF antenna. necessary), and performs state-of-health checks
(Figure 10) Testing has shown that there is on all of the sensor subsystems.
negligible impact on the antenna electromagnetic
characteristics with this mounting configuration. When the hardware and software are online and
The two-arm, spiral antenna for the STEP-3 operational, SAWAFE will receive the
panel will be attached to the surface of the HTP. commands that have been passed up from the
The scintillating fiber and the darkening fiber will experimenters through the ground station. The
be wound into single layers and attached to the transmitted commands will cause SAWAFE to
surface of the antenna with adhesive. By placing execute any of a number of separate or integrated
the laser sensors around the outside of the panel, sensor experiments.
fiber optics lengths of several meters (scintillating
fiber) and approximately one hundred meters The mechanical design of the avionics system is
(darkening fiber) are used. The fibers are based on a "slice" architecture. (Figure 11) Each
susceptible to atomic oxygen attack and several slice approximately 10 inches by 9 inches by 1
protective coatings are being tested to determine inch thick and is comprised of an exterior metal
their applicability. These coatings must be frame and two PCBs. The frame provides
opaque (to block stray light from adding noise to structural support and thermal dissipation for the
the detector circuits) and can not be highly PCBs. Each slice has two mounting bolts that
conductive - or the underlying RF antenna will be are used to transfer heat to the mounting plate and
shielded. to attach the slice to the mounting plate. Each

slice includes a connector for the 32 bit processor
4.3 Avionics Design global bus, power, and ground connections.
The avionics design is centered around a high Each sensor subsystem is built into one or more
speed, 32-bit RISC (reduced instruction set slices. A complete avionics box is formed when
computer) processor that gives the STEP-3 the slices for that flight experiment are placed
SAWAFE a significant processing capability (10 together, end plates are attached, and bolts are
MIPS). The avionics is designed to be run from one end to the other.
completely autonomous and does not require any
spacecraft intervention for experiment control. This design allows for rapid prototyping and
The SAWAFE CPU (central processing unit) fabrication of flight experiment components.
communicates with the spacecraft CPU over a Individual subsystems can be removed or added
MIL-STD- 1553B serial interface. The SAWAFE without requiring mechanical or electrical
receives a single 28 VDC connection from the redesign.
spacecraft all internal power control is done by
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Figure 11. SAWAFE avionics subsystem concept.
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5. FUTURE EXPERIMENTS experimental plan for this flight will include the
The primary purpose of the first SAWAFE is to real time demonstration of signal detection, signal
demonstrate the functionality and space durability characterization, and threat assessment.
of the skin-embedded sensors and to collect
background and performance data. The next 6. SUMMARY
flight experiment will be designed to use more The effectiveness of a future SDIO large
advanced panel construction techniques and to constellation of surveillance and interceptor
incorporate advances in electronic platforms may be dependent on a timely and
miniaturization. (Figure 12) accurate system for on orbit health monitoring

capability. One critical component of such a
The panel will be representative of state-of-the-art capability will be autonomous attack warning and
designs for multilayer composites with embedded assessment. The technology used to implement
power and signal wires. This type of panel may this function must be easily integrated into the
be made in either a conformal or flat space platforms with minimal cost, schedule, and
configuration. The laser, RF, and x-ray sensors spacecraft integration impact. The SAWAFE
embedded in the panel will be advanced versions program will develop and demonstrate these
of the sensors flown on STEP-3. technologies through a series of autonomous

flight experiments. The first SAWAFE payload
The sensor electronic circuitry, analog and on the STEP-3 mission will concentrate on
digital, used for amplification, detection and demonstrating the functional performance of the
discrimination of the sensor signal will be "smart skin" in a space environment, and
incorporated into specially designed components. measuring the natural and man-made signal
Single application specific integrated circuits background for each sensor type. Follow-on
(ASICs) have already been made with multiple flight experiments will demonstrate the functional
analog channels of preamplifiers, amplifiers, and performance of an operational attack warning and
peak-hold circuitry. Field programmable gate assessment system using miniaturized electronics
arrays (FPGAs) have also been used to place a embedded in prototype spacecraft structures.
corresponding number of digital detection circuits
onto a single integrated circuit. Based on the 7. ACKNOWLEDGEMENTS
success of the first (discrete component version) The authors wish to thank Dr. Bob Kraus and
SAWAFE detection electronics, the necessary Karen Kolen of W. J. Schafer Associates, Inc.
ASICs and FPGAs will be designed and for their outstanding support in compiling and
fabricated. Flexible PCBs will be used as a producing this paper.
mounting substrate and the entire assembly will
be embedded in the panel. The miniaturized
electronics will draw power from the embedded
power lines and communicate over the embedded
signal wires. Because of the experimental nature
of the next flight experiment, the experiment
controller and SSDR will be packaged into a
single "slice" that may be attached to the back of
the panel, or may be mounted separately in the
spacecraf

The third flight experiment in the program will be
the demonstration of a fully operational
technology. The attack recognition processor
will be miniaturized and embedded in the panels
along with the rest of the electronics and sensors.
The only memory in the system will be the
memory required to ie'f~or the attack warning
and assessment mission in real time. The
processm will have a bus connection that is
ompaftle with the host spacecraft The
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Abstract. has been driven from the needs of the aerospace
industries. In particular the use of high performance

The sensor technology to be used in smart structures composite materials in critical areas requires that
must be compatible both operationally and these materials must be made to be reliable, and that
mechanically with the material and the functional they are seen to be reliable over the wide range of in
specification of the smart structure system. Fibre service operating conditions. The adoption of these
optic sensors are particularly attractive since they are new materials in key areas has been relatively slow
mechanically robust and flexible. This paper will due to the fact that it has not been possible to have an
present an overview of work which has been carried in service indication of the health of these
out within the University of Strathclyde concerning components. The development of the smart
the development of fibre optic sensing techniques for technology was seen as being a vehicle whereby these
use in structural monitoring applications for new materials could be effectively incorporated into
composite material systems. primary structures since a real time up date of their

state of health could be provided via the use of an
1. Introduction. embedded sensor network. This paper will review the

work related to the development of these sensors
During the last decade a considerable expansion has within the University of Strathclyde. Within the
been seen in research effort directed towards the university a considerable body of expertise has been
development of smart structures and materials. The established in the areas of fibre sensing and optical
realisation of these systems requires a cross component development. Here the discussion will be
disciplinary understanding of aspects from mechanical restricted to the area of optical sensing methods for
engineering, system control, sensing, actuation and structural monitoring in composite materials.
signal processing. The aim of this effort is the
realisation of structures which will perform their own 2. Structural Monitoring in Composite Materials.
health and performance monitoring functions. A
structure might issue a warning if a fault is The first concerted effort undertaken within the
discovered which it is unable to deal with or university to examine the possibility of using optical
alternatively the structure might alter the shape or fibre sensors to perform structural integrity
stiffness of its component members in order to damp measurements in composite materials was performed
out mechanical vibrations which are outwith the under a collaborative research programme OSTIC
normal operating conditions of the structure. The (Optical Sensing Technologies for Intelligent
applications of this technology are wide ranging from Composites)'. This program was in fact the first
civil engineering through industries such as the European programme to focus collaborative research
petrochemical industry to aerospace and defence. The onto this issue. The sensing aims of the programme
smart approach to system design offers the potential were to demonstrate a quasi-distributed dynamic
of improved process yield, safer working and strain measurement within a composite material and
operating conditions through the use of real time secondly to implement a measurement scheme which,
structural monitoring, increased efficiency by with the use of a single sensing fibre, would permit
minimising component down time and performance the simultaneous recovery of two quasi-static
improvements with associated cost reduction through measurands (temperature and strain) to be achieved.
weight minimisation as over engineering is The implementation of a quasi-distributed strain
eliminated. Much of the interest in smart materials measurement was undertaken by the project
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managers, Bertin et Cie., who developed a scheme two variables to be discriminated. The implementation
based upon a coherence multiplexed polarimeter. This of the sensing scheme was as follows.
system will be described in full detail elsewhere in
this meeting2 . The University of Strathclyde was The sensitivity of the sensing fibre to changes in
responsible for the latter investigation. Both of these temperature and strain were first of all established
sensing schemes were to be considered as a possible independently of each other for both measurement
means for determining the state of cure of a Carbon techniques. This allowed the sensor to be represented
Fibre Reinforced Plastic (CFRP) or Glass Fibre in matrix form thus,
Reinforced Plastic (GFRP) structure by measuring
the secondary effects (temperature and strain 1O r '-EOL 0 TPOL [I' ATE
ch an g es). [ 6 4 D U ] = [ C , U L tiU
2.1 Simultaneous Measurement of Two Variables.

Optical fibres have stimulated considerable interest in where ofPOL., aDUA, "TPOL and OaTDUAL represent the
their use as sensors due to their high sensitivity to a individual strain and temperature sensitivities of the
wide number of measurands, their immunity to two sensing schemes, A0 represents the phase
electromagnetic interference, their capability for changes seen by the dual mode and polarimetric
making distributed measurements and also because of signals, Ae and AT are the applied strain and
their capacity for information transfer. These sensors temperature changes. Provided that it is possible to
are particularly attractive to users of composite invert this matrix, measurements of the total phase
materials due to their ability to withstand the dynamic changes of the dual moded and the polarimeter signals
range of strain excursion (up to 2%) which might be can be used to uniquely specify changes in
placed on a high performance composite component. temperature and strain. Experimental data showing
The inherent sensitivity of optical fibre sensors to a recovered temperature and strain variations for an
wide range of measurands has been a key factor in unembedded sensing length of fibre is presented in
their success. It is also true however that this Figure 1. Data recovery with an accuracy of
sensitivity has inhibited their deployment in a large approximately 10 pc and 2 C was achieved over the
number of areas. In particular, under conditions entire measurement cycle?. This sensing scheme was
where it is necessary to perform slowly varying or further evaluated in an embedded system: a section of
quasi-static measurements it is often the case that fibre was embedded in a unidirectional CFRP
more than one measurand can influence the output of composite coupon 320 r'm by 25 mm by 55 mm.
the optical sensor at the same time. At best this leads This coupon was subjected to a three point loading
to a reduction in the measurement sensitivity and at with simultaneous thermal cycling and the recovered
worst this can cause a total corruption of the data is displayed in Figure 2. The recovered
recovered data. During the early stages of the OSTIC temperature and strain information in this experiment
programme a decision was made to address this was less accurate than in the unembedded situation,
particular issue. For the composite material needs the accuracies of around 35-50 #c and 5 C was
most appropriate measurement was felt to be an achieved3. A number of reasons account for this
integrated measurement of temperature and strain discrepancy.
variations. To this aim a target specification of
simultaneous recovery with a resolution of 5 C and Batch to batch variations in the manufacture of the
100 Ac was proposed. elliptical core fibre lead to variations in the

sensitivities of both the polarimetric and dual moded
Simultaneous recovery of information from two sensing schemes. In the embedded system
variables can be achieved by making two experiments, the sensitivities of the dual mode and
measurements on a single sensing fibre using two polarimetric sensor were slightly different from the
different approaches which have different sensitivities fibre used in the unembedded case. In particular the
to the measurands of interest. In the present dual moded sensing scheme was found to be less
experiment the fibre was interrogated with a dual sensitive to applied strain. The difference in these
mode sensing scheme and a polarimeter. Investigation sensitivities was found to influence the conditioning
of these schemes had revealed that, for certain types of the fibre characteristic matrix making data

of fibres, the relative sensitivities to temperature and recovery more difficult. In addition to this, the
strain changes were sufficiently different for sensing length was shorter than in the prmvious cae
measurements to be made which would allow these in order to be compatible with the maximum
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permissable sample length. This has the effect of index, and hence alter the characteristics of the light
reducing the influence of the temperature changes and as it travels along the fibre length4. These effects
therefore this information is more difficult to recover, result in an alteration of the complex modal
Thirdly, in order to perform the thermal cycling a interference pattern at the fibre outputs. A typical
heating coil was wrapped around the CFRP coupon example of such a pattern is displayed in Figure 3. It
and the coupon heated to around 100 C and left until is possible to produce unique patterns at the fibre
isothermally stable. The coupon was then allowed to output over a wide range of strain conditions and use
cool and a three point bending load applied. The glass the neural network as a means of relating a specific
transition temperature of the matrix resin used in the strain with a given pattern. This allows the
CFRP structure lies typically in the region of 130 C construction of a simple yet effective strain sensor.
and consequently the modulus of the resin at elevated The basic system under investigation consists of three
temperatures could be approximately half of its room blocks:a multimode fibre acting as a sensor; a digital
temperature value. This leads to inaccurate strain signal processing of output pattern after acquisition
transfer to the fibre during the initial stages of the and finally a neural network as the interface between
cooling cycle. the pattern and a strain value.

These preliminary measurements of the embedded In order that repeatable strain measurements could be
sensor performance indicate that it is possible to made, a multi-mode fibre was epoxy bonded to the
implement this form of sensor in an embedded surface of a cantilever beam which was then deflected
configuration. Given the magnitude of the systematic giving strain value in the region off 0-300Ape. The
errors associated with the experiment a reasonable patterns produced at the output of the fibre were then

agreement between the optical measurements and the stored on a SUN work-station by means of a video
reference data has been achieved. Future camera and frame grabber. The patterns were
developments of this sensing scheme will take place processed using several digital signal processing
around the implementation of an all fibre version of techniques to simplify the resultant pattern thus
the sensor. It is expected that this will improve the enabling easier training of the neural network.
reliability of the sensor and ease the deployment
difficulties. The neural network simulator used in this project was

the Aspirin/Migraines packapA. This package utilises
2.2 Multimode Fibre Optic Sensor Using Artificial a Generalised Delta Rule with back propagation'.
Neural Networks. Various neural network configurations are currently

under investigation. Initially strain was output in
Currently under progress within the Optoelectronics binary format, this technique was used in work
division is a project which involves the use of an carried out by Grossman et.al. on a few moded
artificial neural network to relate the changes in the sensor system'. Results obtained thus far indicate that
speckle pattern at the output of a multimoded fibre to the multimoded sensor system is more effective than
the strain applied to the fibre. The project aim is to the dual moded system giving a much improved
identify an optimum technique for presenting the sensitivity and range. This is due to the increased
speckle pattern image to the input layer of the complexity of the modal patterns. Training of the
network, choosing the optimum layer number and ANN has varied in duration between a few minutes
nodes in the hidden layer and selecting an ouput layer for some of the smaller networks up to a maximum
to begt represent the strain value. Absolute strain of about one hour for the larger ones. Full details and
measurements of up to several hundred micro-strain results of this work will be published in the near
using such multimode sensors with ANN processing future.
are attainable.

Increasingly it is becoming possible to use Artificial 2.3 Impact Damage Detection and Location Using
Neural Networks (ANN's) in complex pattern Optical Fibres.
recognition. The strain sensor described in the present
section is one such problem. Light intensity patterns Another line of investigation recently pursued at
produced at the output of a multimoded optical fibre Strathclyde involves building an optical fibre sensor
are complex in nature due to the interference of the system capable of locating and detecting the
may modes which propatgate down the fibre length. magnitude of an impact occurring on a composite
Small strin exered on the fibre will change its panel. The firt phase of ths activity ha been
physical properties, such as length and concerned with designing a system for determining
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impact location which operates by timing the arrival have been investigated. Some of these measurement
of impact generated acoustic waves at a sensor array. schemes are currently under development within the
Electrically passive sensors have been targeted as of university however the present discussion is
interest, and this has involved the use of multimode concerned only with techniques which are based on
optical fibres as sensors. The acoustic sensitivity of optical fibre sensors. One such method based on a
such fibres, guiding coherent optical radiation, is well means whereby the refractive index of the material
known6 . might be accurately determined is currently under

investigation.
Initially optical fibres were surface mounted along the
edges of a metal panel. A multimode directional During the curing process, epoxy resin based systems
coupler was used to divide the optical power equally go through chemical changes which are reflected in
between two fibre sensors. The sensor outputs i.e. changes in the refractive index of the material. If this
the speckle patterns were monitored by change can be detected then in principal the cure state
photoreceivers, one receiver dedicated to each sensor. of the material can be determined. Optical
The signals at the receiver outputs were then measurement techniques which make use of this
electronically processed to measure the difference in phenomena to induce a loss in the throughput of the
arrival times at the sensors, and from this a simple optical signal as the index of the curing medium
calculation yielded the impact origin. Using this changes have been developed. While these
relatively crude sensor, impacts of a few tenths of a measurements have been shown to be effective to
Joule could be located with a resolution of +/-5cm. some degree, they nave considerable weaknesses.
This project is currently in progress, but a more Being intensity based the resolution of the
suitable fibre optic sensor system is now being measurement is limited to the minimum resolvable
evaluated. The design criteria are that the sensor change in intensity, it is also subject to influence from
must be lead-insensitive, demonstrate high sensitivity other loss mechanisms such as micro bending or
and dynamic range, and have a wide frequency down lead effects. Furthermore, the greater part of
response. Detailed results of this project will be the index change takes place during the gelation phase
presented elsewhere, of the epoxy system therefore during the latter stages,

or during the post cure, the index changes are small.
3. Cure Monitoring. The resolution offered by the intensity based schemes

is insufficient to indicate these changes.
A key component to the development of smart
structures based on thermoplastic epoxy resin based Means of measurement of refractive index which can
composite systems is a means of determining the cure be made sensitive to index changes of 10 are
state of these materials. As structural designs become currently being developed within the Optoelectronics
more complex and material requirements for group at the university'3 . These techniques are also
improved high temperature properties increase, the under investigation with a view to applying these
need for closer structural monitoring and control of methods to cure monitoring".
the fabrication process is essential. Current practices
rely heavily upon measurements of temperature and 3.1 Cure Monitor Operation.
pressure conditions during the curing cycle of
materials in order to ensure that the composite The basic geometry of the device is as indicated in
material structure is being sufficiently well cured. Figure 4. A high index overlay waveguide is
Batch to batch variations and changes in resin evanescently coupled to a polished optical fibre.
chemistry during storage can lead to components Efficient coupling between the optical fibre the
being held at high temperature for excessively long overlay waveguide is achieved when the index of the
periods of time in order to guarantee that cure has highest order mode of the overlay waveguide (close
been achieved. This can represent a considerable to cut off) is matched to that of the fibre core. This
energy loss. There is clearly a need for a means of condition can be realised by tuning any of the overlay
readily establishing the cure state of a composite waveguide parameters (thickness, index or operational
structure, whether this be during the curing process wavelength). Under resonance conditions strong
or as a 'go:no go' test on a key element of the power transfer takes place between the fibre and the
structure at the end of the manufacturing process. In overlay waveguide (a typical trace of the transmission
order to achieve these aims measurement techniques characteristics as a function of input wavelength is
as diverse as dielectric absorption?, acoustic displayed in Figure 5). In addition to the above
propagation", rheometry" and optical attenuation' 2  parameters it can be shown that the resonance K
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position is also a strong function of the index of the measurement range does not extend to that required
superstrate surrounding the overlay guide. Variations for cure measurements of current resins used in
in this index have produced changes in the resonance composite manufacture it is expected that a further
centre wavelength of greater than 100 nm=3 and in increase can be achieved with the use of thicker
principle this can be extended to around 500 nm with layers. The layer thickness used at present represents
appropriate choices of materials. Making use of this approximately one penetration depth thickness, where
property allows the refractive index of a material to the evanescent field strength falls to l/e of its original
be determined with accuracies of better than W0". value. It was not expected that much buffering effect
This approach offers the potential of monitoring the would be observed for thickness of less than this
index of a curing resin based system. Although the value. Increasing the thickness of the low index layer
present systems under investigation use cumbersome should emphasise the buffering effect, up until the
polished block technology, this is simply a means of point where the superstrate index has no effect at all.
facilitating the device development. The construction It is not yet clear how much of an increase in
of these devices could be readily implemented with operational range this will ultimately allow. A
vacuum deposition of high index films onto D-type theoretical and experimental investigation are
fibre. There remains however certain problems to be currently underway in order to determine this.
addressed before this measurement technique can be
directly applied to the problem of measurement of
cure state of composite material structures.

4. Conclusions.

As the composite material undergoes the processing This paper has reviewed work carried out within the
of the cure cycle, the refractive index of the resin Optoelectronics Division of the University of
systems changes from around 1.52 to 1.58 between Strathclyde concerning the development of techniques
the uncured and cured states. The refractive index suitable for structural monitoring of composite
measurement technique based on coupling to an material systems. The work carried out to date has
overlay guide is effective only for superstrate indices spanned a number of key areas within the smart
which are lower than the effective index of the fibre structure concept, impact damage detection and
core (1.45). A means must therefor be found of location, measurement of quasi static parameters and
increasing the usable range of measurable indices. material monitoring during manufacture. The results
Several approaches to this problem are possible, obtained to date represent the beginnings of the inter
including the manufacture of these devices using disciplinary collaboration that are necessary for the
fibres of an alternative structure (for example success of the smart structures technology. Future
Fluoride). In work being carried out at present, a thin research will further develop this interdisciplinary
film of low index material is deposited onto the cooperation with closer collaboration between
overlay waveguide in order to buffer the overlay constituent areas such as sensing, chemistry and
guide from the effect of the superstrate material. signal processing. In order to close the loop and

provide the necessary feedback to implement a truly
A layer of high index (n = 1.8) was mounted onto a smart stnucture, future research programmes will
side polished block and polished to a thickness of require closer int.:raction with control and actuation
approximately 30 jsm. The tuning of the resonance centres. Some preliminary work is already under way
positions as a function of overlay index measured for in this area coordinated by the Smart Structures
both the TE and TM polarisation states, these are Research Institute. Future research programmes will
displayed in Figure 6. A layer of CaF, of also target alternative smart systems for civil
approximately 700 nm, corresponding to the engineering applications. These areas will provide a
evanescent field penetration depth was then deposited valuable proving ground for the technology without
upon the overlay layer and the wavelength tunability having the high cost and high risk that is associated
measurements repeated, these measurements are also with development of primary components for the
displayed in Figure 6. Examination of this figure aerospace industry.
shows clearly that the deposition of this film has
extended the range of overlay indices during which Acknowledgements,
the resonance position is tunable. Only when the
superstrate index value exceeds 1.5 is lossy behaviour This work was partially sponsored under the
observed. Up until this value the resonance peaks are BRITE/OSTIC programme.
clearly discernable. While the extension of the
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Figure 3: A Typical Speckle Pattern Output from a Multimoded Fibre.
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Figure 4: Schematic of Optical Refractometer/Cure Monitor.
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f SMART PROCESSING OF COMPOSITE MATERIALS FOR ENHANCED

SPERFORMANCE AND PROPERTIES.

A. McDonach R. Pethrick and P. Gardiner

Smart Structures Research Institute
University of Strathclyde

204 George Street, Glasgow GI 1XW
Scotland, U.K.

Introduction Vitrification-

There have been a large number of technologies described This needs to be determined to ensure that the material is
whose purpose is to aid in the control of composite sufficiently mechanically stable to be taken from the
manufacture. The aim of this paper is to readdress the moulding. The structure will be defined physically but may
requirements of composite manufacture to assess which not have developed fully the desired mechanical properties.
features of the various techniques are best suited to
providing improved processing. To start with, we will
consider the requirements of quality in manufacture and the Post Cure-
hidden costs associated with incorrect processing. This
will allow us to rank the aspects of processing which it
would be attractive to improve. Following this, we will The completion of the reaction often will require that the
consider a range of monitoring processes and their ability sample be post cured. The process involves raising the
to deliver on these improvements and at what cost in terms incompletely cured network to an elevated temperature and
of expense and complexity. Monitoring processes this allows further reaction to occur and also allows the
considered include fibre-optic (Optical) methods, already formed network structure to realign itself to achieve
dielectrometry and ultrasonic methods. a minimum energy form. This process allows the

unreacted ends of the polymer chains to be incorporated
into the matrix and this will improve the mechanical

A Definition of Cure. properties of the matrix.

The cure process is the reaction of a multifunctional The chemistry of crosslinking at high levels of conversion
monomer (liquid) to produce a three dimensional leads to micro stresses being generated which will produce
network(solid). During this process, there are a number of a driving force for structural reorganisation. One of the
stages. Firstly, the reactions lead to a doubling of the physical processes that occurs during post cure is a change
average molecular weight and a small increase the in the density, and as is often the case this leads to
viscosity. This continues until 65% - 85% of the monomer densification, which in turn leads to significant changes in
has been converted into polymer chains where it is the modulus, extension to break and impact strength of the
considered that the three dimensional network has begun to material. Practically, the post cure process is critical for
form. After gelation, a stable three dimensional network is the development of the required ultimate properties.
formed however, it is still mobile, and further reaction is However, if this process is continued too far, it can lead to
required to complete the process and this leads to a vitrified network degradation and a reversal of the curing process.
matrix structure. The complete process is usually only The changes which occur during the latter stages of cure
achieved by elevating the temperature and carrying out a present a critical test of any non destructive evaluation
post cure process. Figure 1 illustrates the time dependent method1 and are rarely discussed in the literature on the
aspects of these steps in relation to temperature. topic of cure monitoring. Densification or the reverse

process can be measured by determination of the thickness
variation of samples, but it will be evident at a molecular

There are a number of reasons as to why it would be level in terms of the amplitude of a relaxation process;
appropriate to have increased knowledge of the cure dipolar, optical, magnetic or mechanical.
process during the manufacture of composites. It is
important to clarify the processing implications associated
with these stages in the cure process. The reactions are very slow and, currently, the only

effective method of determining what is occurring is by
using test coupons to monitor the progress of the reactions.

Gelatlon- The methods which are suitable are infrared absorption,
Differential Scanning Calorimetry and mechanical
measurements of the coupons properties. Further work is

This is the point at which the resin has developed its full required to characterise the material changes in terms of a
viscoelastic properties. It is important that the material has densification as a result of crosslinking and as a result of
been able to flow to its desired location before this point, changes in the size and distribution of voids.
In the case of Resin Transfer Moulding, the point at which
gelation occurs should be reached as soon as possible after
the mould has been filled. During this cycle, the viscosity of the mixture increases as

the molecular weight increases. However, in the final
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stages of the cure process following vitrification, the manufacturing cycle with a particular batch before
viscosity ceases to change and consequently, this and proceeding with the next batch. Mechanical testing of
related parameters may only be used to monitor the process individual components can take some time and this can
prior to vitrification and prior to achieving the full create a bottle neck in the production cycle around testing
mechanical properties. which adds to the overall cost of processing.

Important Features for the Manufacturer. Taken together, these requirements have created an interest
in techniques which can follow accurately the progress of
the cure reaction described in the previous sections and

One of the applications for cure monitoring is for provide a signature for the various stages involved. A
accurately predicting the gelation and vitrification stages. single approach which provided a high contrast low noise
This allows the processor to reduce the cycle times to a output, which was available at a low cost (both in terms of
minimum and it also makes it possible to adapt the cycle to fixed and variable costs) and which did not compromise the
changes in the quality and condition of the input materials. mechanical properties (strength, toughness and fatigue life)
Essentially, the aim is to reduce the skill needed to achieve of the component would be ideal. However, the reality is
the efficient operation of the moulding system. that the final choice is likely to be much more of a

compromise between these area.

Cure monitoring systems can be applied during the process
set-up phases so as to reduce the time needed to optimise Sensing Techniques
the processing conditions for a particular component
configuration. The main production cycle may then
proceed without the use of a sensor system assuming there The changes that follow from network formation and
is consistency of the input materials. Alternatively, and if vitrification are associated with a number of molecular
possible, a sensor system can be used during production changes and it is these molecular properties that allow the
and this should imply that there will be less rejects during various monitoring techniques to provide a signal which
processing due to incomplete processing or overheating as points to cure progress.
a result of variations in the input materials. The suggestion
has been made2 that at present, process operators reduce
temperatures and extend cycle times so as to create a more Electrical
robust system however, this has an obvious effect on the
cost of production.

In the case of electrical properties, the initial mixture will
be fairly conductive and hence a reduction in the

A second demand made on monitoring systems is in the conductivity can be correlated with the formation of the
area of post manufacturing quality assurance. For three dimensional structure and hence the gelation -
secondary components (non load bearing or not safety vitrification process. A related electrical measurement is
critical) used within the aerospace industry, manufacturers that of the dipolar relaxation. Initially, the dipoles are
follow a certified process using materials that have been very mobile but, as the reaction proceeds, new dipoles are
stored under controlled conditions and within specified age produced or the existing dipoles are slowed down by the
limits. Following manufacture, the quality assurance increasing molecular weight of the polymerising entities.
process is completed by ultrasonic scanning to detect Correlations have been proposed for the relationship
delaminations and voids. Complete cure of these between the dipolar process and viscosity3 however, there
components is assured by following standard procedures, is no fundamental reason why the dipolar process should
determined by process temperature profiles, and by using always be correlated with macro-viscosity 4 , but it is
standard input materials of the required quality. It is also possible, using empirical relationships, to use this method
the case that, in the majority, these components are mostly to indicate the vitrification and gelation points for a
of thin and uniform cross section which presents less of a material.
problem in obtaining a broad set of optimum conditions.

Optical
For primary components (safety critical items) further post
processing quality assurance tests are required. The
purpose here is to verify that the manufacturer has achieved During the reaction, the nature of the atoms forming the
the specified mechanical properties set down for the material may change slightly; there may be emission of
component by the designer. These tests, frequently water in some cases; but in a material such as an epoxy
mechanical, can be time consuming and expensive as they resin, the atomic constituents will remain constant with only
must be applied to every component. Also, they are not the bonding changing as a result of cure. Initially, there
viewed as wholly reliable since they are applied to test will be little change in the density of atoms but as the
coupons usually taken from the edge of the component and gelation phase proceeds the necessity to form bonds will
may not represent the condition of material from the main result in a decrease in the atomic density. In the case of
body of the component. Processing difficulties are more refractive index, this parameter is a measure of the atom
likely with thes components since they can contain areas density per unit volume of the material and consequently
of variable cross section and usually, they will have can be used as a measure of progress during this phase of
sections whose thickness is much greater than that of cure.
secondary components. An added cost in the this cycle is
the time delay associated with verifying the proper
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Changes in the dielectric properties of the resin during cure time and frequency of segmental relaxation. The use of
at optical frequencies may be monitored via the refractive Ultrasonic technology is therefore able to identify
index of the resin. Zimmerman et al 5 (as well as vitrification as the point at which the absorption becomes a
Abramowitz) have demonstrated a novel system which uses maximum (1MHz) this will usually occur before cessation
sections of fibre manufactured from the resin material of motion. The attenuation will then drop to a low level
coupled to fibre guides. Since the resin has a higher consistent with the material becoming a glass and the
refractive index when cured the resin fibre starts of as a velocity will rise and approach an asymtotic value
guide and but reduces in guiding efficiency as the cure coinciding with the bulk modulus.
proceeds. A problem with this approach is encountered
when the graphite fibres touch the resin guide. This results
in scattering from the resin guide which can add to the Acoustic waveguides have shown a remarkable sensitivity
losses due to cure. It is not clear that such added losses can to the level of cure of the surrounding material. In this
be referenced out. The technique loses sensitivity as the approach, a metal wire is used as an acoustic channel
cure proceeds and therefore is not useful in accurately through the component being manufactured. As cure
determining the process endpoint but does provide proceeds the losses from the guide increase dramatically
information on the earlier stages in the cure cycle. (by a factor of 104) as the acoustic radiation becomes less

efficiently contained by the hardening resin. The
waveguide's efficiency is determined by the impedence

Alternative optical parameters include the measurement of mismatch between the guide material and the surrounding
shifts in infrared absorption bands which are a result of the material and essentially monitors changes in the density and
changes in the constituents as the reaction proceeds. 6  sound velocity in the surounding material.
These display maximum sensitivity in the initial stages of
the reaction and sensitivity decreases as the reaction
proceeds to the vitrification step. It is possible to use The size of such wires has until now been 0.5mm
specific absorption such as that created by the epoxy ring at diameter 1 1. A reduction of this diameter to around
904 cm-1 as a direct indication of the degree of reaction. 0.125mm is planned. It is not clear at present that the
This allows residuals to a level of 5% to be monitored diameter could be reduced any further without increasing
giving some sensitivity in the post vitrification phase. system losses beyond an acceptable level. Other workers"

using this technique have reported that more repeatable
results are obtained when using time of flight measurements

Fluorescence techniques have been described which with acoustic waveguides. This perhaps reflects the
provide a signal that changes in response to the viscosity requirement for a suitable referencing technique when
changes associated with cure7 ,8 . This approach utilises the using amplitude dependant measurement techniques.
viscosity dependent fluorescence of probe molecules
dispersed within the matrix material. During cure, the
motions of the probe molecules become progressively more Macro or Micro Viscosity
inhibited by the increasing viscosity of the polymer matrix
material. In some instances the monomer material itself
can be used as the probe molecule (although the behaviour An important issue when using the sensor data to predict
is attributed to an unidentified impurity within the the viscosity changes relates to the issue of macro or micro
monomer). The probe fibre, which provides both the effects. In the case of dielectric measurements, the
excitation radiation and collects the fluorescence signal is signature is very sensitive to the microscopic viscosity.
0.2 mm in diameter. Its efficient operation is dependant on However, in practise, the macroscopic viscosity of even the
the ability to collect the signal from the end of the fibre. uncured composite can be several orders of magnitude
With this type of arrangement it is unlikely that it will be higher as a consequence of the carbon fibre filler material.
possible to reduce the size of the probe fibre (down to Whilst it is true to say that the cure profile can be followed
0.08mm or 0.03mm) unless there can be an increase or by the dielectric properties, the viscosities which are in
amplification of the fluorescence signal. practise operative maybe 2 or 3 orders of magnitude

different from the micro-viscosities interpolated from the
dielectric data. It is important that the contribution from

A similar probe technique is possible using the Raman the carbon fibre filler and the influence of the packing
signal from the curing matrix material 9 . Care has to be configuration are correctly incorporated into the
used so as to avoid swamping the Raman signal with the optimisation of the cure process. The dielectric method is
fluorescence signal described above. This is possible by ideal for monitoring the microscopic viscosity and its
proper choice of the wavelength of the probe radiation. relation to the curing of the resin but may not reflect the
Special methods have to be employed to improve the signal observed changes in the macroscopic viscosity which will
to noise ratio of these methods, influence the final form of the structure. This implies that

some care must be employed when correlating the sensor
outputs and the macro-viscosity features of the cure

Acoustic process3 . This condition is relevant to the majority of the
sensor techniques described above.

Ultrasound propagation in a liquid medium will be
controlled by the viscosity, thermal conductivity and Influence of embedded Senson on Mechanical
relaxation properties. In most curing polymer systems the Prowert"es
increase in attenuation and velocity observed during the
initial stages have been correlated with an increase in the Whilst dielectric techniques can provide a signatures related
modulus of the material and the coincidence in terms of to the cure process, there is concern over the influence of

- ----...... ... . ...-. ... .....
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the sensor (5mm x 5mm x 0.5mm), and its connections, on Conclusions
the integrity of the peat under manufacture. Especially, in
those circumstances where the sensor must be placed
within the component. This is not a problem if the sensor Electrical, optical and acoustic techniques can provide
is located in the mould but here it must be accepted that the signatures which can be interpreted as signalling the onset
sensor is only providing information about the cure of gelation and vitrification. However, we have highlighted
progress at the component surface. Of course, embedded the difference between micro and macro features of
sensors may be used during the set up phase, when viscosity implying that some care must be used in the direct
individual process cycles are being optimised prior to full interpretation of these signatures. A proper choice can
production. However, this still leaves the question of the only be made after considering which stage of the process
need for post-manufacture mechanical testing in the case of cycle is of interest and whether the sensor output is likely
primary components as described above. These doubts are to be well correlated with the features of interest.
a serious limitation on the use of such sensors in on-line
monitoring of process parameters or indeed in post
manufacture quality assurance. If the measurements are only to be used during the set up

phase of the process then questions related to intrusiveness
are less important. However, if the measurements are to

Both acoustic waveguide and optical fibre probes do offer continue into the production phase then it will be important
the possibility of a much reduced cross section (0.125mm x to minimise the size of sensor elements and their
0.125mm x 10mm) with connections of a similar diameter. connections. This also applies to the extension to in-
Further, fibres with diameters of 0.08mm (including service monitoring. Optical sensors have an advantage in
protective coating) have been demonstrated and work is in this situation because of their small size and their
progress on fibre diameters down to 0.03mm. Evaluations applicability to both manufacturing and in-service use has
of the influence of such structures on the integrity of been demonstrated.
components is underway. Preliminary indications are that,
for uniaxial tension, fibre diameters of 0.08 mm or less
(and where the fibre runs parallel to the reinforcing fibres) For the question of the post manufacturing quality
do not produce significant stress concentrationl factors assurance, the issues raised by macro versus micro
and that they do not contribute significantly to the tensile viscosity are more important. For the post cure phase it is
failure of the component. Such indications give the hope not clear that the important changes in mechanical
that for the appropriate fibre it should be possible to include properties are likely to show a high correlation with
sensors within the body of the component which do not changes at a micro level. It is to be expected that there will
degrade the performance of the component during its be a densification with the post cure process however
lifetime, further work is required to characterise these micro-

changes and identify which sensing technique would be
appropriate for their detection. Hence, future research on

Extension of the Cure Sensor to In service Monitoring sensors for signalling these changes should consider the
range associated with each technique and how this
correlates with the macro mechanical properties.

A number of the techniques described above have also been

used to monitor the in-service life of the component. For
example, the optical fluorescence signal is also dependant I. "Investigation of Cure in Epoxy Resins:
on other features such as water content and or aging Ultrasonic and Thermally Stimulated Current
processes within the matrix material. This is a significant Measurements", Bunton, L.G., Daly, J. H.,
feature since it enhances the usefulness of the embedded Maxwell, I. D. and Pethrick, R. A., Journal of
sensor network and provides a potential payback Applied Polymer Science, Vol 27, 4283-4294
throughout the life of the component. (1982).

2. "Quality Assurance in the Processing of
Other methods which provide such a double application Thermosets", Michaeli, W., Burkhardt, G. and
include the use of optical fibres (normally used as strain Stoger, M., pp 10-12 Kuntstoffe German Plastics
sensors) as acoustic receivers. Measures' 3 has described 81 (1991) 11.
such a network in which optical sensors configured as
Michelson interferometers can be used both during the cure 3. "FDMES Sensing for Continous On-Line
process and during the components life. During the cure, Monitioring and Control of Cure". D. E.
the sensitivity of the sensors to an external acoustic signal Kranbuehl, RAPRA Conference 1991.
changes as the cur proceeds. During the component life,
the fibr interferomete acts as a strain gauge. Such a 4. Menges, G., Burkhardt, G. and Stoger, M.,
system fits in with the quality assurance procedures "Profits and Problems of Correlation
described for secondary components and as such could Measurements with Dielectric and Mechanical
provide important information about the level of cure for Cure Monitoring Methods. SAMPE, Bael,
primary components. Switzerland, 1990.

5. "Composite Cure Monitoring Using Optical Fiber
Sensors", B. Zimmerman, M. DeVries and R.
Claus. p177 Proe of the conferemnc on Optical
Fiber Sensor-Based Smart Mateials and
Stactums, (editor ft. 0. Claus)
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Downsview, M3J 2W8

Canada

1. Summary concept of distributed processing capability, so
that the structure is functionally self-contained.

Aastra Advanced Ceramics is a major The interest at Aastra Corporation is in smart
manufacturer of piezoelectric ceramic materials, structures with deformation control in the form
Aastra Aerospace is involved in the of active damping.
development of smart structures technology
based on these materials. Piezoelectric 3. Mechanical Stability Study of SBR
ceramics as actuators offer high mechanical
stiffness, large output stress, and good linearity. In 1988 Aastra Aerospace completed a
As strain sensors, piezoceramics offer very high mechanical stability study of space- and
sensitivity. Initial research into the use of corporate- fed Space Based Radar
externally-bonded or embedded piezoceramic configurations for the Canadian Department of
strain sensors and actuators has lead to the National Defence (DND) (Ref. 1). The
development of in-line sensor-actuator systems mechanical stability of the generic corporate-fed
for use in truss-type smart structures. The configuration was very good. Due to the
target applications for these units are large stiffness of its structure and its symmetry, the
flexible space structures, but the technology is firing of station-keeping thrusters was found not
applicable to earth-based truss structures as to excite any of the flexible modes. A structural
well. Similarly, Aastra is investigating the use dynamic analysis of the space-fed configuration
of piezoelectric materials for the active damping revealed that extensive deformation of the array
of aircraft structures, with the goal of reducing would occur, as illustrated in Figure 1. The
structure-borne cabin noise with minimum resulting effect on the radar beam, determined
additional weight. This paper presents the through a full planar array radar simulation of
development of Aastra's piezoceramic research over 100,000 elements is shown in Fig. 2. These
activities and an overview of present work in results prompted a review of potential shape
the field of smart structures. sensing and compensation technologies.

2. Introduction

There has been significant interest lately in the M od . : 5

use of smart structures for space applications A'CY 0.145 HZ

based on distributed, discrete strain sensors and
actuators. A typical objective of this application
is the minimization of structural dynamic
deformations in large space structures (LSS)
such as Space Based Radar (SBR) and Space
Station Freedom Remote Manipulator System
(SSRMS).

'Smart structures' is a term often used to
describe a structure with either built-in
deformation assessment and control, or built-in Figure 1: Space Fed SBR
health monitoring. Occasionally included is the
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It was from this mechanical stability study that Thermal actuators were found to be unsuitable
Aastra's research activities in active vibration for space structures as the low coefficient of
damping evolved, thermal expansion of most composites is

incompatible with the design requirements of
good thermal actuators. Electro-rheological
fluids are equally incompatible as the method
results in weaker structures and potential

fN problems with fabrication and sealing.

/ ^The study suggested that shape memory alloys
- and piezoceramic actuators were best suited for

active vibration control of space structures.
Although the shape-memory actuators provide
more force and better performance for low
frequency/large amplitude applications the PZT
actuators had higher band-widths and consumed
significantly less power. In addition there is a

Nominal potential difficulty with adequate heat
--- Mode 5 dissipation for shape-memory alloys.

Of the PZT-based material concepts, the bulk

Figure 2:Beam integrity PZT actuators and thin film concepts

demonstrated sufficient adaptability to smart
4. Actuator technologies structures to warrant additional research.

In 1989 a study was made of state-of-the-art 5. Sensor systems
actuator technologies, including electrostrictive,
shape-memory alloys, thermal actuators and A study of external and embedded shape and
piezoelectric systems. vibration sensing technologies, for application in

LSS, was performed concurrently with the
Several actuator concepts based on lead above actuator technology review. Technologies
zirconate titanate (PZT) ceramics were considered included optical systems, radio
investigated. These included discrete bulk frequency (RF) measurements, inertial and
elements, thin films and polymer matrix strain measurements, as well as embedded
composites. A comparison of the various fibre-optic and piezoelectric sensor systems.
concepts was made in order to establish the
most feasible for further development. The Spatial High-Accuracy Position-Encoding

Sensor (SHAPES) under development at the
Piezoelectric polymer materials, such as time at JPL was determined as the most
polyvinylidene fluoride (PVDF), offer lower suitable external sensor application as it was the
density, and greater flexibility than only system with a built-in capacity for
piezoceramics. Their use as distributed measuring target position in three dimensions
actuators for vibration control has been simultaneously.
demonstrated by others (Ref. 2). The suitability
of PVDF for embedment in composite Embedded fibre-optics are particularly
structures is limited by its low Curie attractive sensing devices due to their immunity
temperature. Since PVDF loses its piezoelectric to electromagnetic interference, ruggedness,
properties above about 100rC, it cannot be used compatibility with composite material structures
in composites requiring high temperature and large data transmission bandwidth. Twin-
processing. Since high process temperatures are core and elliptical core two-mode sensors are
common to most aerospace composites, the most attractive of these methods, in terms
p=ezWele p* M ha~ foUWd &MAied applicban. of resolution, data rate and simplicity.
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Piezoelectric sensors have also been successfully
embedded in structural composites. They are
generally simpler than fibre-optic sensors and Actuator
fit in well in control systems that have
piezoelectric actuators. Piezoceramic/polymer
composites are easier to embed than bulk F F
ceramics due to their better flexibility and the d
compatibility of the polymer with the laminate _ I _ Beam

resin. ______u__o _

NActuator~
6. Active damping simulation on SBR

Based on the results of the above reviews a +M -M
preliminary study was conducted to determine k k+ )
the effectiveness of active vibration suppression
of a space-fed SBR configuration. Using
MSC/NASTRAN and Aastra's in-house
structural dynamics software, a modal model of Figure 3:Actuator model
the spacecraft was developed. The modal Calculation of the required control forces
deformations caused by the iruing of attitude showed that they could be supplied by a
control thrusters were calculated. Open and piezoelectric actuator being developed by
closed loop responses to slewing-induced Aastra.
disturbances were compared. For the closed
loop case, simple pole placement with rate The encouraging results of the piezoelectric
feedback was used to move selected modes to actuators suggested that a feed position sensing
correspond to a desired percentage of critical system, that would normally be required on a
damping. The piezoelectric control forces space fed SBR configuration to assure beam
required were evaluated, pointing accuracy, could possibly be eliminated.

The piezoelectric elements used for active 7. Prototype plezoceramic actuators
control were assumed to be embedded in pairs
in elements of the spacecraft structure, with Aastra Aerospace hence proceeded with the
each pair constituting an actuator. Ref. 3 development of a smart structure prototype
describes a model for embedded actuators of based on piezoceramic active elements.
this type. It was assumed that each piezoelectric
element was perfectly bonded to the structure. The first prototype consisted of a rectangular
This implies that the elements impart an eqaal glass-fibre tube with aluminum end plates. The
and opposite concentrated moment each end, as end inertia of the beam could be varied to
shown in Figure 3. The appropriate actuator control the natural frequency of oscillation. The
locations were selected according to the modal sensor-actuator elements were thickness-poled
force the actuators at each location could wafers, approximately 40 mm by 14 mm by 0.3
generate. mm thick, manufactured from a proprietary

PZT composition from Aastra Advanced
When an active control system was simulated Ceramics. The wafers were bonded near the
for the roll manoeuvre, it was found that, if the root of the beam, with one being used as a
structural modes could be damped to 40% of sensor and two pairs on opposite sides of the
critical damping, the effects on the radar beam beam being used as actuators. The beam is
damped out within 20 seconds of completing illustrated in Figure 4. The natural frequency of
the slew manoeuvre. This compared very well oscillation of the beam is approximately 9.3 Hz.
with a time of over 11 minutes required for the
case without active control
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gain and phase were set by specific resistor
END MASS values contained in a plug-in connector. This

allowed the circuit parameters to be tailored to
each specific demonstration beam. The general
set up procedure was to adjust the phase to
define the bounds of instability. Then choosing

TUBULAR SECTION a setting in the middle of the stable region, the
gain would be increased until either instability

0IN occurred or until clipping of the high voltage
amplifier became troublesome.

The high-voltage amplifier was a monopolar
FET device, with stability provided by an op-
amp driven feedback loop. A second pre-

PIEmTCERAMICS amplifier was used to drive an analog-to-digital
converter in a personal computer. A Fast

Figure 4: Tubular demonstration Fourier transform of the input data was
performed and a decaying exponential fitted to

The second prototype consisted of a flat plate the maxima of the decaying sinusoidal signal.
of unidirectional carbon-fibre composite,
approximately 50 mm wide, 0.8 mm thick and Figures 6 through 9 display typical results for
350 mm long, with an arrangement of ceramic the damping in the beams. Both beams showed
elements similar to that of the tubular beam. an increase in damping ratio on the order of a
The beam configuration is illustrated in Figure factor of 6 or 7. The results were heavily
5. The natural frequency of oscillation of the dependant on the settings chosen for the gain
beam was approximately 9.8 Hz. and phase change in the feedback circuit.

Clipping in the high voltage amplifier is
evidenced, in the case of the tubular beam, by
the change in the decay rate with falling
amplitude. An almost linear decay is seen in the
region where the amplifier clips, followed by
the normal exponential decay once the

S FLAT PLATE amplifier de-saturated.
12.2 IN

PIEZOCERAMICS

Figure 5: Flat beam demonstration

The feedback circuit consisted of a band-pass
filter, a pre-amplifier, a phase shifter, and a
high-voltage amplifier.

The pre-amplifier was a simple non-inverting
op-amp circuit. The phase shifter circuit was Figure 6: Tubular Beam - Free Vibration
essentially a gain-compensated RC filter. The
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The flat beam results show a definite upward
frequency shift during decay, from 9.8 Hz to
11.6 Hz. At the same time there is a decrease
in decay rate. This represents a change in mode
shape, with the highly damped section near the
root of the cantilever becoming less significant
as the vibration decays, effectively shortening
the beam.

The increases in damping ratio with active
damping displayed by the beam prototypes were
significant, though somewhat modest. This was
primarily due to limitations in the feedback
circuitry. Further, the ceramic elements used
were off-the-shelf wafers of a proprietary

Figure 7: Tubular Beam - Actively Damped Aastza composition with a relatively low
coupling-modulus product. Wafers of other
Aastra materials were not readily available.

It was noted that the actuators were bonded to
the surface of the beam, and that the strain
energy was shared between the actuator and the
beam itself. A significant increase in damping
could be achieved if the beam segment under
the actuator were removed, so that all of the

load path could pass through the actuators.

8. In-line Sensor/Actuator system (SAS)

In order to address the concerns raised during
testing of the two beam prototypes, Aastra
proceeded with the development of an in-line

Figure 8 Flat Beam - Free Vibration actuator design. The active elements would be
spliced into the structure rather than being
bonded or embedded on the surface. This is
particularly simple in the case of a truss made
of tubular elements, where the active modules
would be constructed in a manner similar to the
"tube connectors.

To this end Aastra designed, developed and
characterized a prototype in-line
sensor/actuator system (SAS) for the active
damping of truss structures. This work formed
Phase I of a smart structures development
project funded by the Canadian Space Agency
(CSA) and DND. The geometry and
performance specifications for the device were
based on the anticipated requirements of a

Figure 9. Flat Beam - Actively Damped large space structure. Among the potential LSS
applications considered were:
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"* Space Station Freedom Remote damping ratio of 0.3%, the time to half
Manipulator System (SSRMS) amplitude was 36 s. The frequency dropped to

"* Space-Based Radar(Space-fed, and 0.12 Hz with a maximum payload mass of
parabolic Reflector designs) 128,000 kg (shuttle orbiter), with a time to half

"* Space Station Freedom Main Truss amplitude of 2800 s.
"* Space Crane Manipulator

8.1 Design of SAS unit
These applications were reviewed to determine
the general performance requirements each The Aastra SAS unit envisaged for the Space
would place on smart structures Crane involves packaging a sensor and actuator
implementation. The SSRMS and Space Crane within a standard truss element, while retaining
were selected for more detailed study. the same mechanical interface hardware. A

tubular piezoceramic actuator assembly would
The Spar Aerospace SSRMS is similar to, but be spliced into the truss element load path. The
larger than, the Canadarm used on the Space length change of the truss element would be
Shuttle. The flexibility of the manipulator places used as the feedback parameter. Optical
severe performance restrictions on the system, ranging would be used as the feedback
since the arm must be moved slowly to avoid parameter. This sensing method would be used
the build-up of large oscillations. Thus it would to provide sufficient sensitivity, given the small
appear that SSRMS is a good candidate for strain levels expected. SAS components would
active damping. However, information provided be placed in the corners of the truss near the
by Spar indicates that the majority (80%) of the root of the arm and at the joints. The concept
overall flexibility of the arm is caused by the is illustrated in Figure 10.
joints, rather than by the bending of the tubular
booms. Dynamic modelling by Aastra showed
that even a factor of 100 improvement in boomdamping would not significantly improve overall / r-N~l RS mcIr C C

damping unless the joints represented less than
40% of the overall flexibility.

The NASA-Langley Space Crane manipulator
concept (Mikulas 1988) is a 95m by 5m hinged TUS TUX SEGMEN

truss that would be used for in-orbit assembly DISPt. MNT4ENSOR

of large structures. A complete Space Station
Mobile Servicing System, with associated
SSRMS, would be used as an end effector. The Figure 10: Aastra SAS unit
use of linear actuators rather than rotary joints
ensures that the flexibility will be dominated by In order to evaluate the SAS concept, a scaled
the truss elements. Thus active damping of the prototype unit was designed and fabricated, as
truss tubes could be used to significantly reduce illustrated in Figure 11. The actuator element is
the time to manoeuvre and assemble a bonded assembly of stacked piezoceramic
components. For this reason, Space Crane was wafers. The selected stack dimensions were 22.6
chosen as the target application for the mm diameter with a 3.3 mm wall thickness, and
program. a length of 38 mm. The individual wafers in the

stack were 0.76 mm thick.
A structural model of a space crane was
developed which was similar to, but stiffer than,
the NASA-Langley concept. The specifications
for payload mass and capture velocities, etc.,
were taken to be the same as those for SSRMS.
The frequency of the empty boom was found to
be 1 Hz, and with an arbitrary baseline
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single SAS unit increased the damping to
£ND rITTrIN; END F17M 5.1%. This represents an improvement in

AC•TUATOR STACK damping by a factor of 29. Figure 13 illustrates
the natural damping overlayed with a typical
damped decay. The gain was limited by an
instability in the feedback electronics which
caused the amplifier to saturate alternately to
the positive and negative supply voltages. The

Pm• cF E Rinstability developed because of the high-pass
filter used to remove the DC component of the
LVDT sensor output. Eliminating this filter

Figure 11: Scaled SAS unit would require the sensor to be re-zeroed
periodically to account for thermal drift.

Debonding was avoided using a conical washer
and prestress bolt. A linear variable differential The performance of the SAS unit illustrated
transformer (LVDT) was used to measure the that the use of a high signal-to-noise ratio
truss tube length changes. A simple analog displacement sensor will be critical since, in
circuit combining a band-pass filter, phase LSS, large displacements can result from small
shifter, and high voltage amplifier was used for strain levels. Sensor thermal stability will also
feedback. be important, in order to allow a broad

frequency response. Additionally the gain
A preliminary applications test structure was selection is complicated by the maximum
built to simulate the dynamics of a complete available amplifier voltage, since non-
truss. It is a 3.05 m cantilevered beam, exponential damping occurs when the amplifier
consisting of a 88.9 mm diameter aluminum is saturated.
tube, attached to a single truss bay at the root.
The SAS units are inserted into the truss bay to
provide damping, as illustrated in Figure 12. SAS PATS Performance

WEIGHT a.

-0s

TUBE
120 IN

SAS
Figure 13: Performance in Test Structure

9. Horizontal truss test model

Aastra is presently involved in the design and
Figure 12: Applications Test Structure construction of a more elaborate test structure,

representative of Space Crane. The structure
The natural frequency of the beam was 4.8 Hz will consist of a horizontally arranged hinged
with a measured damping level of 0.18%. Using truss, approximately 8 m long, with linear
a maximum ±360V to drive the actuator, a actuator elements. The SAS performance will

be measured with the truss fixed in various
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geometries, and with the truss moving through discussed. However, they are expected to be
a series of predetermined motions. The more adaptable to a variety of structurai
proposed applications test structure is designs, while feedback electronics are expected
illustrated in Figure 14. The test structure is not to be virtually eliminated.
only representative of Space Crane but also of
an advanced robotic manipulator, or of a beam 12. Acknowledgements
steering device for an advanced space-fed radar Much of the research presented in this paper
satellite. Air bearings may also be introduced to has been financially supported by the Canadian
support the truss, in order to unload the hinges Space Agency and the Department of National
and minimize friction. Defence, Defence Research Establishment

Ottawa, Space Based Radar Project Office.
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2. T. Bailey and J.E. Hubbard, "Distributed
Figure 14: Proposed Test Structure Piezoelectric-Polymer Active Vibration

Control of a Cantilever Beam",
10. Active damping of aircraft structures Proceedings, AFWAL Vibration Damping

1984, Long Beach, California, Feb. 27-29,
Piezoceramnic actuators offer significant 1984.
possibilities in providing an active noise and
vibration control system for aircraft structures. 3. E.F. Crawley and J. de Luis, "Use of Piezo-
Aastra Aerospace has submitted a proposal, in Ceramics as Distributed Actuators in Large
conjunction with Bombardier/de Havilland, for Space Structures", AIAA Paper No. 85-
a first-tier subcontract in support of the joint 0626.
USA-Canada Integrated Smart Structures
(ISmaS) program. This involves the integration
of active actuators and processors with
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actuation, control systems, and systems
integration. In general, the active smart
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11. Future research

Aastra is not limiting its research effort to the
implementation of monolithic piezoceramic
materials. Laboratory research is currently
directed toward the development of smart
materials, more specifically advanced ceramic
thin films. These films are expected to perform
the active damping functions previously
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SUMMARY

Structurally integrated fiber optic sensors (SIFORS) SI interferometric phase-strain sensitivity
will form a necessary part of of future Smart Structures k free-space propagation constant
and strain sensing will provide valuable information on n effective core index of refraction
the use and loading of such structures and also determine Pa strain-optic coefficients
the response of the structure to these loads. Strain Pe effective strain optic coefficient
measurements may be used to check structural integrity Sp polarimetric phase-strain sensitivity
and in the case of Smart Adaptive Structure they would nF fast effective core index of refraction
provide the deformation information required by the
structurally integrated actuation control system. ns slow effective core index of refraction
Continuous monitoring of the applied loads could also Sam two-mode strain sensitivity, a - polarized light
be used to determine the actual fatigue life of the na0l effective core index of refraction for LP01 mode
structure at any point in its operation. In the case of nall effective core index of refractioneven LPI 1 mode
composite materials improved quality control during XB Bragg wavelength
fabrication may be possible from such a built-in

sensing system and this could lead to a more consistent A index modulation periodicity
and reliable product. Overall the introduction of an E I axial strain in the optical fiber
embedded fiber optic strain sensing system to composite no, a mean core index of refraction, a - polarized light
structures may enhance confidence in their use and lead Paeif index weighted strain optic coefficient
to an expansion in there range of application, especially Xoa reference Bragg wavelength, a - polarized light
as primary structures in the Aerospace field. AX, measurand induced change in Bragg wavelength

In this paper the types of fiber optic sensor are reviewed SB Bragg grating wavelength-strain sensitivity
and it is shown that the intracore Bragg grating and the R(A0) two beam interferometric response function
intrinsic Fabry-Perot interferometer appear to qualify for V visibility factor
continued consideration as the universal sensor for the k wavelength
broad range of potential Smart Structures. The key \AkX\ quadrature wavelength shift
elements of strain sensing with both types of N quadrature order
structurally integrated fiber optic sensor are reviewed and 9 Serrodyne induced phase shift
issues such as thermally induced apparent strain are (0 m Serrodyne angular frequency
discussed. It is shown that although both sensors now 0m depth of Serrodyne phase modulation
have good methods of demodulation, the Bragg grating t time
sensor has the greatest potential to satisfy the F(k) linearized filter function
requirements demanded of the ideal sensor for Smart IF filtered optical signal
Structures due to the recently developed ratiometric
wavelength demodulation system. This system IR reference optical signal

promises the fabrication of a: robust, simple, absolute A slope of filter function
measurement, low cost multisensor system that could Ak Gaussian width of Bragg grating signal
be integrated on to an optoelectronic chip that can form ko wavelength for which F(k) = 0
part of the interface to any structure and in essence solve AT change of temperature
the critical interrconnect problem. Two important Ao thermally induced stress
questions, however, remain to be addressed: can the aEF coefficient of thermal expansion of optical fiber
intracore Bragg grating sensor perform all of the tasks Ca1  coefficient of thermal expansion of host
required, and can Bragg gratings of "sufficient quality" g bonded fiber phase strain coefficient
be fabricated in an automated process. f free fiber thermal phase strain coeffient

Sapp apparent strain
LIST OF SYMBOLS K apparent strain sensitivity

CT temperature compensation factor
Eyf fiber strain component in the y - direction Arsre stress induced strain

Ez host strain in the optical fiber direction
oa host stress in the optical fiber direction
E Youngs modulus for the host
v Poisson's ratio for the optical fiber
A0 strain induced phase change
S phase-strain sensitivity
L sensor gauge length
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1. INTRODUCTION materials during fabrication through cure monitoring
and measurement of residual strain. Built-in sensing

In the 70's new approaches to complex engineering systems are equally likely to be found in future aircraft
systems like aircraft were adopted. These assume that as in new bridges. In terms of advanced composite
each major component contains one or more critical materials the greater confidence instilled by this
flaws at a level not detected initially. This led to new intrinsic inspectability and the prospects of undertaking
engineering strategies, such as: cure control with the same sensing system will lead to

their increased use as primary structures and could avoid
* Lifetime System Monitoring overdesign with its multiplier effects, particularly in the
* Retirement for Cause Aerospace Field. This technology should lead to a
* Designed-in Inspectability reduction in maintenance, repair and downtime of future

aircraft and could also find broad application in ships,
The earlier approach of retiring an entire batch of submarines, pressure vessels and bridges (1) [Measures]
structural components once a potentially critical flaw where composite materials are penetrating.
(crack) was discovered in one component led to an
enormous cost. Retirement for Cause involves periodic Fiber optic sensors are: extremely small and light
inspection of each component with expensive and weight, resistant to corrosion and fatigue, immune to
elaborate NDE systems. Once a critical flaw is detected electrical interference, safe and practically incapable of
that component is retired. Although this ASIP (Aircraft initiating fires or explosions, and are compatible with
Structural Integrity Program) program has been composites. They can serve both as sensors and
successful in preventing loss of aircraft from structural conduits for the sensory signals and could integrate into
failures, it is expensive and not always accurate, future fiber optic systems such as the fly-by-light
furthermore, it leads to greatly increased downtime and a concept currently under active consideration for the next
commencerate increase in life cycle costs. The generation of aircraft. Furthermore, the increasing use of
introduction of components with built-in inspectability optical fibers for communications will ensure that the
should significantly reduce costs, improve maintenance cost of this technology will decline with time.
and shorten downtime. In addition, monitoring the In more advanced Smart Structures the information
loads and deformations of a component on a continuous provided by the built-in sensor system could be used for
basis will permit its true fatigue life to be estimated at controlling some aspect of the structure, such as its:
any time. stiffness, shape, position, or orientation (2) [Ahmad, et

al.]. These systems could be called "Adaptive" (or
The past six years has seen the emergence of a new field Reactive) Smart Structures to distiguish them from the
of engineering termed "Smart Structures" or "Smart simpler "Passive" Smart Structures (3) [Measures]. A
Adaptive Structures." This new multidisciplinary field more appropriate term for structures that only sense
represents a unique marriage of materials with their state might be "Sensory Structures". Smart
structurally integrated fiber optic sensors and actuation Structures might eventually be developed that will be
control systems. Smart Structure principles could capable of adaptive learning and these could be termed
radically change the engineering design of structures as "Intelligent Structures". Indeed, if we consider the
diverse as: aircraft and space platforms, marine vehicles confluence of the four fields: materials and structures;
and installations and terrestrial structures. sensor systems; actuator control systems and neural

network systems, we can appreciate that there is the
The development of structurally integratedfiber optic potential for a broad class of structures, figure 1.
sensors [SIFORS] represents a necessary first step in Adaptive Smart Structures, have particular relevance to
the evolution of Smart Structures and will lead to the Aerospace Field leading to: aircraft with adaptable
improvements in safety and economics of many diverse wings, active noise suppression and space structures
industrial products. Structures constructed from that constantly adjust their shape and damp out
materials with resident sensing systems could unwanted vibration.
continuously monitor their internal strain and thermal
state. Such measurements could be used monitor the 2. FIBER OPTIC SENSORS AND
loads imposed on the structure as well as its vibrational CRITERIA FOR SMART STRUCTURES
response and deformation. In addition strain sensing
may be capable of assessing damage and warning of In general we can characterize optical fiber strain sensors
impending weakness in structural integrity. This same as either "distributed" or "localized." Distributed sensors
strain sensing system might also be capable of are, in principle, very attractive for they would permit
improving the quality control of thermoset composite the use of fewer sensors and represent a more effective
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use of the optical fibers, in that each element of the Smart Structures candidates: the Fabry-Perot, the two-
optical fiber is used for both measurement and data mode, the polarimetric, and the intracore Bragg grating.
transmission. Although, time of flight measurments The first three can be treated as different forms of two
can be used to map the strain along the length of an path interferometers. In the Fabry-Perot fiber optic
optical fiber, this is not practical or economic for sensor a cavity comprising two mirrors that are parallel
aircraft structural components where the real-time to each other and perpendicular to the axis of the optical
spatial resolution should be about 1 cm. Furthermore, fiber forms the localized sensing region. A change in
the need for high resolution, flexible sensing the optical path length between the mirrors leads to a
architecture and graceful degradation is not satisfied with shift in the cavity mode frequencies. In this way the
distributed sensors. Often a single break in the optical reference and sensing optical fiber are one and the same,
fiber effectively takes out of commission a large up to the first mirror that constitutes the start of the
proportion of the sensing capacity. Localized fiber sensing region. The Fabry -Perot sensor is normally
optic sensors determine the measurand over a specific configured to be single ended, and if built with low
segment of the optical fiber and are similar in that reflectivity mirrors will provide a sinusoidal phase
sense to conventional strain or temperature gauges. strain relationship. Fabry-Perot sensors can be
Information about the state of the structure is impressed configured as either "intrinsic", figure 3a (5) [Lee and
upon the transmitted light by a number of mechanisms. Taylor], (6) [Hogg et al.] or "extrinsic", figure 3b (7)
These include interactions that change the: intensity, [Kruschwitz et al.]. The former has the advantage of
phase, frequency, polarization, wavelength or modal being the least perturbative, capable of being used in the
distribution of the radiation propagating along the form of a strain rosette (8) [Valis et al.], and possibly
optical fiber. the more robust. As a consequence of the separation

between gauge length and cavity length in the latter, it
Types of Fiber Optic Sensor can be built with long gauge lengths yet work with
Interferometric fiber optic sensors function by sensing lasers of modest coherence length, but requires careful
the measurand induced phase change in light calibration. The extrinsic sensor has less transverse
propagating along a single mode optical fiber and coupling and can therefore evaluate more directly the
encompass a large class of sensitive devices. As we axial component of strain in a host material (9) [Sirkis
shall see later one of the most important requirements and Haslach,].
for any fiber optic sensor that is to qualify for use with
Smart Structures is that it involve a single fiber. In general, the circular symmetry of optical fibers used
Nevertheless, in the past Michelson interferometric fiber to make the sensitive fiber optic interferometric sensors,
optic sensor has been used in the laboratory setting to discussed above, may not be adequate to stabilize the
explore some of the potential applications that might be two orthogonal linear polarization eigenmodes. This
undertaken with the Fabry-Perot sensor in practical can lead to polarization-fading and the possibility of
Smart Structures. For example, the Michelson sensor cross coupling between the polarization modes. These
has demonstrated that damage induced acoustic emission effects represent a source of noise in interferometric
could be detected within various composite materials, measurements based on small changes (of the order of a
(4) [Liu et al.) and that cure monitoring of thermoset few fringes) (10) [Sheem et al]. Although a number of
composites might also be feasible. What made the methods have been proposed for aleviating this problem
Michelson fiber optic sensor attractive in the early days (11) [Kersey et al.], one of the most effective involves
was its near identical sensitivity to the Fabry-Perot the use of polarization maintaining single mode optical
sensor combined with a much greater ease of fabrication fibers. Another method of avoiding polarization fading
and demodulation. However, its two optical fiber is to employ a high frequency polarization scrambler.
arrangement, figure 2, makes it quite unsuitable for This can be a low cost solution in the case of a network
Smart Structures due to its: rejection, greater of sensors, however, this gain is at the expense of the
intrusiveness, poor common mode and required phase interferometic fringe visibility which declines to 0.5.
preservation at the structure's interface. The latter two
effects are likely to represent particularly serious The most well developed form of modalmetric sensor is
problems for practical structures that are invariably called an "elliptic-core two mode" sensor and involve
subject to high levels of mechanical noise. This sensor changes in the transverse spatial mode distribution of
is also vulnerable to stress induced birefringence effects light within the optical fiber, (12) [Blake et al.], (13)
along the entire length of the embedded optical fibers, [Kim et al.], (14) [Murphy et al.], (15) [Lu and Blaha].
(4) [Liu et al.]. In this sensor the lowest order transverse mode {LP01 }

propagates along the lead-in fiber to the sensing region.
There are four single fiber sensors that are potential Here a section of elliptic core optical fiber that permits
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two transverse {LP0 1 and the even LPII } modes to Criteria and Selection of Fiber Optic Strain

propagate, at the wavelength for which the lead-in fiber Sensor
is singled mode, has been fusion spliced with its core In order to assess the potential suitability of any fiber

slightly offset so that both spatial modes are excited, optic sensor for undertaking strain measurements in

figure 4. A second section of single mode fiber can Smart Structures the following criteria can serve as a

be fusion spliced to the end of the sensing section or the guide (21) [Thrner et al.]. An ideal fiber optic strain

end of the two-mode (for short) sensing section can be sensor for Smart Structures should be:

mirrored. Either way the spatial variation in the 1. Intrinsic in nature for minimum perturbation and

transverse light distribution is converted into a stability

nonlinear (cosine) relation between the signal and the 2. Localize4 so it can operate remotely with

strain in the host structure, typical of an interferometer. insensitive leads
3. Able to respond only to the strain field and discern

In a polarimetric sensor changes in the state of any change in direction

polarization of light traveling in a single mode optical 4. Well-behaved with reproducible response

fiber are used to determine the strain imposed on the 5. All-fiber for operational stability

sensor. In order to make the sensor reliable special 6. Able to provide a linear response

polarization maintaining optical fiber is used and it is 7. A single optical fiber for minimum perturbation

the change in the phase of the two orthogonal and common mode rejection

polarization eigenmodes of this high-bifringence fiber 8. Single-ended for ease of installation and connection

that is used to evaluate the strain. Localization of the 9. Sufficiently sensitive with adequate measurement

sensor is achieved by rotating the polarization eigenaxes range

through 450 in the sensing section relative to their 10.Jnsensitive to phase interruption at the structural

orientation in the lead in/out sections of optical fiber, interface

figure 5, and linearly polarised light is launched into 1 l.Nonperturbative to the structure and robust for

one of the polarization axes of the lead-in optical fiber, installation
(16) [Varnham et al.], (17) [Kersey et al.] and (18) 12. Interrupt immune and capable of absolute

[Hogg et al.], (19) [Bock and Wosinski]. measurement
13. Amenable to multiplexing to form sensing

The intracore Bragg grating fiber optic sensor relies on networks within structure
the narrowband reflection from a region of periodic 14.Easily manufactured and adaptable to mass

variation in the core index of refraction of a single mode production.

optical fiber. In this sensor the centre (Bragg)
wavelength of the reflected signal is linearly dependent Although there are many fiber optic sensors that have

upon the product of the scale length of the periodic been suggested and used for strain measurements only

variation and the mean core index of refraction. Changes the: polarimetric {P}, two-mode {TM}, Fabry-Perot

in strain or temperature to which the optical fiber is {FP} and Bragg grating {BG}, comply with criteria: 1,
subjected, will consequently shift this Bragg wavelength 2, 4, 5, 7 and 10. These are consequently selected as

leading to a wavelength encoded optical measurement, possible strain sensors and a further down selection is

figure 6, (20) [Morey et al.]. made based on how they comply with the remaining
criteria. This can be gauged by reference to Table I.
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Table I. Comparison of Fiber Optic Sensors

FP BG TM P

Localized Y Y (1) (2)
Responds only to strain (3) (3) (3) (3)
Direction change response (4) Y (4) (4)
Linear response (4) Y (4) (4)
Single-ended Y Y (5) (5)
Adequate sensitivity & range Y (6) (7) (7)
Absolute measurement (8) Y (8) (8)
Multiplexing within structure (9) Y (9) (9)
Potential for mass production (10) Y (10) (10)

(1) Sensing length is two-mode while lead-in/lead-out optical fibers are single mode.
(2) Polarization eigenaxes is rotated by 45 degrees at start and the sensing length ends in a mirror.
(3) If temperature changes sensor must be able to compensate for thermal apparent strain.
(4) Requires quadrature detection and suitable signal demodulation [FiberMetrics Corp.].
(5) Requires a mirror at the end of sensing length.
(6) Limited by demodulation system, but 1 Mstrain should be achievable when used as laser sensor
(7) Sensitivity is about 1% that of the FP. This would restrict spatial resolution to many cms.
(8) Requires special demodulation system, so absolute measurement is not available at all times.
(9) Difficult, except for large structures where time division multiplexing can be used.
(10) Requires at the least one fusion splice and therefore some degree of handling.

As we shall see in the next section the high sensitivity This sensor should also be capable of measuring both
of both the intracore Bragg grating and the Fabry-Perot strain and temperature since infact both will invariably
sensor make it possible to use them with short gauge be required for practical Smart Structures due to
lengths. In order that the cost of implementing Smart potential wide temperature excursions. Based on Table
Structure technology be kept to a minimum a single I and the above considerations the choice probably lies
type of sensor should be developed that is capable of between the intrinsic Fabry-Perot and the intracore
undertaking all of the requiste measurements. This Bragg grating sensors. Both the FP and the BG sensors
suggests a sensor with as high a sensitivity as possible can certainly be used for either strain or temperature
so it can be used in the broadest range of applications measurements and as we shall see later it is expected
including: measurement of the internal strain and the that strain and temperature will be simultaneously
detection of anomalies that might indicate the determined with the appropriate sensor design and
development of a structural weakness; monitoring of the demodulation.
loads applied to a structure and its subsequent
deformation; evaluation of the vibration modes and
resonant frequencies; cure monitoring and the
measurement of residual strain in thermoset composites.
The assessment of any degradation in structural integrity
is certainly a most desirable capability of any resident 3. FIBER OPTIC STRAIN SENSOR
strain sensing system. It is expected that if this is to SENSITIVITY
be achieved through the detection of internal strain
anomalies that arise when the structure is loaded -very Fabry-Perot Fiber Optic Strain Sensor Sen-
careful strain measurements will have to be undertaken sitivity
and this is expected to demand a set of highly localized If a uniaxial longitudinal stress (3z is applied to an
(almost point) sensors of high precision. isotropic, elastic optical fiber oriented in the z-direction,

the resulting strain from first order elastic theory will
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be: The phase strain sensitivity for the" e-core two mode"
sensor can be express, I in the form:

-yE
1f f4 -V Sam = k (rn2'- n." )[ 1- N2(n l, n.1 )P, /2]

E• f1 (7)

where i41 and n1' represent the respective effective
where we have assumed zero shear strain, (22) [Butter indices of refraction for the LP0 I and LP 11 even
and Hocker]. In the case of a surface adhered or transverse modes that are linearly polarized in the ca -
embedded optical fiber sensors, Butter and Hocker made direction and we assume that the strain optic coefficients

f
two assumption: (i): Ez = -1 , where Ez = oz/E is are essentially independent of the radiation mode. This
the strain in the host in the optical fiber direction, and is a common assumption but one that may have to be
(ii) that no transverse stiain fom the host is coupled to examined more closely in future, especially where stress
the optical fiber so -VEl, is the only component of loaded polarization maintaining optical fibers are used.

transverse strain. E is Young's Modulus for the host
and v is Poisson's ratio for fused silica. If we also Recent values of these strain-optic coefficients, Pl, and
assume that the optical properties are independent of the P 12 , have been reported by Bertholds and Dandliker (25),
polarization state of the light then, in general, the for single mode optical fibers. They indicate that for
incremental change in the phase suffered by light fibers with a pure silica core and B20 3 doped cladding:
propagating through the sensing (gauge) length, L, of P11 = 0.113 and P 12= 0.252 , about 7% lower than for
the optical fiber: bulk silica. In the case of silica optical fibers ( n =

1.458, E = 70 GPa, v = 0.17 ) the interferometric
AO = SLU (2) phase-strain sensitivity is about 6.5 deg. pstrain-t cm-1

[or S = 11.3 rad [tstrain-1 m-1 ] which is close to the
where we have introduced S as the phase-strain value obtained in experiments. For double pass
sensitivity, (23) [Measures 1993]. interferometers, like the low finesse Fabry-Perot fiber

optic sensor, this figure must be multiplied by two. A
For the case of the "interferometric" fiber optic sensor: comparison of the strain sensitivities for the three kinds

of fiber optic strain sensor discussed above is provided
S1 = kn{ 1 - n2 Pe /2 } (3) in Table II. It is quite clear that the Fabry-Perot strain

sensor has a much greater strain sensitivity.
where k is the free-space propagation constant, n is the For many applications it is important that the strain
effective core index of refraction and we have introduced sensor gauge length is small compared to the scale
the effective strain optic coefficient: length over which the strain changes. Some idea of the

relative gauge lengths needed to achieve 1 listrain
P= [P 12 -v ( P11 + P12 )] resolution for the three different types of fiber optic

sensor can be obtained from the second row of Table
* For an isotropic material there are only two independent II where we have assumed that each sensor has a

strain optic coefficients: P11 and P12, (24) [Jackson demodulation system capable of 6.5 degrees of phase
Sand Jones]. shift resolution.

For a "polarimetric" sensor the corresponding phase-
strain sensitivity is given by the relation:

SP = k (nF -ns )[ 1- N2(n F, ns)P,/2J (5)

where nF and ns are the respective indices of refraction
for the lowest order transverse mode polarized along the
"fast" and "slow" polarization eigenaxes of the optical

* fiber and we have introduced the general relation:

Ný(n.n b) ný +nnb + n (6)II
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Table II. Strain Sensitivity and Gauge Length Comparison

Strain Sensitivity Fabry-Perot Polarimetric E-Core TWo Mode

degrees pstrain-1 cm-1  6.5 [Valis..1989] 0.06 [Hogg..1989] 0.02 [Huang..1990]

gauge length for 1 p~strain 1 cm 108 cm 325 cm

Bragg Grating Fiber Optic Strain Sensor -Multiplexing Potential:
Sensitivity the Bragg grating sensors are readily wavelength

multiplexed.
A Bragg grating sensor comprises a segment of
optical fiber in which a priodic modulation of the core A Taylor expansion of (8) permits us to determine the
index of refraction has been formed, (26) [Meltz et al.] differential change in the Bragg wavelength, for light
(20) [Morey et al.] and (27) [Dunphy et al.], usually linearly polarized in the a- direction, resulting from
by means of exposure to an interference pattern of an applied strain field, (28) [Measures]:
intense ultraviolet light (at about 245 rum). The
optical back-reflected spectrum of such a Bragg
grating comprises a very narrow spike (in polarization AXa no_2 6 f
preserving optical fibers two spikes can be resolved, - 1 - -9 P)y
one for each of the two orthogonal polarization = 1 (9)
modes). This strong backreflection occurs at the

Bragg wavelength, XB, which can be related to the where Pay is the strain optic tensor, ko,,
effective core index of refraction, n, and the "period" represents the reference state Bragg wavelength for

of the index modulation, A, by the relation: light linearly polarized in the a- direction, no,, is

the effective core index of refraction, and Ei is the
)1B = 2nA (8) strain tensor for the optical fiber, comprising three

principal and three shear strain components.

Since, this Bragg wavelength will shift with changes

in either, n , or, A, monitoring the wavelength of In the case of the (22) Butter and Hocker (22) model
this narrow band spectrum will serve to determine the we can write:
strain or temperature environment to which the
optical fiber is subjected. The Bragg grating sensor [__ = Pg - ef
possesses a number of advantages that make it very a
attractive for Smart Structures: k0, (10)
- Linear Response:
the Bragg grating centre wavelength is a linear which reveals that the wavelength-strain sensitivity
function of the measurand so there is no direction of the Bragg grating sensor:
ambiguity.
-4bsoluteMeasumrement: SB = [I - Pepr] (11)
the Bragg grating centre wavelength determines the
measurand value in terms of some reference state. with

the meurand signal information is spectrally ,2.
encoded. p'aff =-'2 tP12 - v((P11 + P12)]
-Ftber dc S ~ 2 (12)
the ntrucoe fibe opti Brag grating hav inhrnft inmet fgas the index weighted strain optic coeff.cient.

hi-uN I
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It should be noted that we have assumed that the bulk f { c'f

value of the strain optic coefficients canbe used in all A0 3 =n3kL 61 2 Pllý3 + P 12 Ei + f) 2
of the above discussion. For polarization preserving (14)
optical fiber this is highly questionable. In the case of
germanosilicate glass the index weighted strain optic while equation (9) for the Bragg grating sensor gives
coefficient, equation (12), has the value of 0.22. It rise to normalized wavelength shifts for light linearly
should also be noted that in the case of the Bragg polarized in the 2- and 3- directions, respectively, of:
grating sensor the strain sensitivity is independent of
the length of the Bragg grating. However, the
sharpness of the backreflected narrow band spectrum f 2 + 1
is dependent upon the gratinglength. One of the AX 2  - - Pl + P 12 ( E + C•)1
most important advantages of this sensor is the direct X0 ,2 1 1

relation between the Bragg wavelength and the fiber (15)
strain which makes absolute measurements of the and
strain possible. This makes it immune to power
interruption (an intentional or unintentional break in 2 {
the electric power of the system) a weakness of the AX 3  - n32(PI IF, fl f-
other kinds of interferometric sensors {in the sense X0 ,3  1 2 + P t + Sý

that they normally only determine the incremental (16)
strain and require a specialized demodulation system
for absolute measurements}) assuming the optical fiber is aligned with the 1-

direction of the host principal strains. In equations
The wavelength strain sensitivity of an intracore
Bragg grating formed in Andrew E-type elliptical core (13) to (16), cf, represents the a - component of the
fiber and purchased from United Technology Research optical fiber strain tensor, while it is the host strain

Centre was measured to be 0.648 pm Rstrain- 1  tensor that is desired.

for the fast axis and 0.644 pm pistrain- 1 for the
slow axis when operated at 830 nm (29) [Melle et The essential simplification made in the Butter and
a]. I. A more relevant figure of merit for this kind of Hocker model were that the strain in the optical fibersensor is its strain resolution and recently, this has in the 1-direction matches that of the host, while zero
beensoreducito 8strain rlusion and welengthis h host strain is coupled to the optical fiber in the 2- andbeenredcedto psrain usng waelegth3- (transverse) directions. Equations (13) to (16)
dependent ratiometric demodulation technique, (30) 3(tarse dic tins. Equationsr(13) to (16)
[Melle et al.]. Morey et al, (31) have determined that clearly indicate that in the more general case the phase
the wavelength strain sensitivity of a 1.55 prn Bragg change for the interferometer or the wavelength shiftgrating is: 1.15 pm u~strain-t while its temperature for the Bragg grating sensor observed for each
sensitivity is 1.3 pm oC-t. polarization eigenmode of the optical fiber dependson all three principal strain components within the

Sensor /Host Strain Coupling and Signal optical fiber and clearly each of these has to be related
Interpretation to the far-field strain in the host. Recently, Sirkis andFor the more general case ofta biefringent optical Haslach (32) extended the Butter and Hocker (22)fiber interferometric strain sensor with "short" free-fiber, uniaxial-stress phase-strain model and havefibersinglenthembedded witrain sens iite, "short" c shown that their results are closer to those observedsensing length embedded within an infinite, isotropic in "transverse loading" experiments (33) [ Mathews

and homogeneous host, the phase increments, A0 2  and Sirkis]. Sirkis and Haslach (32) and Mathews

and A0 3 , for light linearly polarized in the 2- and 3- and Sirkis (33) indicated that the Butter and Hocker
directions, respectively, take the form: (22) model leads to strain predictions with errors that

increase substantially as the stiffness of the optical
fiber approaches that of the host.

A02 = n2kLEl • 2- Pll 2 + P12 ( Ef + E3 )I Recent comparison with experiments (34) [Sirlds and
Mathews] suggest that although the theoretical model

(13) of Sirkis and Haslach (32) predicts the trend in the

variation of phase-strain sensitivity with fiber/host
stiffness ratio, the experimental variation is stronger.
However, when the optical fiber is collinear with the

-0
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Demodulated Fabry-Perot Fiber Optic Sensor
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Figure 7. Pseudo-heterodyne Fabry-Perot interferometric fiber optic sensor demodulation system
based on repeated linear frequency ramping of the laser diode and a combination of pass
band filtering and phase detection, [(Hogg et al., 1991]
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adjacent stiff reinforcing fibers of the host and the
loading is in this ply direction the Butter and Hocker where I - is the photodetector current in the presence
model gives reasonable strain predictions. of the sensor, Io - is the photodetector current that
Interestingly, this has often been the configuration would arise directly from the source and A0 - is the
used in many experiments. For optical fiber sensors phase retanrdtion introduced between the two paths of
embedded within composites the difference between the interferometer. The visibility factor, V (or fringe

L the theories should not be greater than about 10% , if contrast) is introdued to cover partial coherence
the stiffiness of the optical fiber is greater than ten situations.
times that of the host matrix, i.e., Ef/Eh > 10. If the
stiffness of the optical fiber is not that much greater The purpose of signal recovery or demodulation is
than that of the host, decoupling the sensing length to convert the complex optical output from a fiber
of the optical fiber from the transverse strains in the optic sensor into an electrical signal proportional to
host, allows the simpler theory of Butter and Hocker the phase retardation. The problem with the fiber
to apply. This appears to be the case for the extrinsic optic sensor Response Function is that it is
Fabry-Perot sensor, and to a lesser extent the sinusoidal and therefore multivalued and nonlinear.
polarization sensor, (35) [Sirkis]. Recently, Valis Furthermore, the nature of the cosine function leads
and Measures (36) have suggested that both the to: sign ambiguity and signalfading . The purpose
parallel and perpedicular far field stress components of any signal recovery scheme is to address as many
within a host can be evaluated by an embedded Fabry- of these short comings as possible. One of the
Perot sensor of special design, provided its simplest forms of signal recovery is "fringe counting" -
polarization eigenaxes are suitably aligned with the this is acceptable for large changes in AO( >> 2xt)
principal strain axes of the host. but fails to distinguish changes in direction of the

measurand. A further problem of the Response
When considering the issue of sensor/host strain Function given by (17) is that it does not provide
coupling there is, however, another factor that must interrupt immunity (i.e., an absolute measurement).
be taken into account. This is the possible presence Signal recovery techniques should address all five of
of an optical fiber coating. Although it may be these issues:
possible to tailor the properties of this coating to 1. Signal Fading
minimize the transverse coupling or greatly reduce 2. Interrupt Immunity
stress concentrations in the host adjacent to the 3. Sign Ambiguity
optical fiber, Sirkis and Dasgupta (37) have indicated 4. Nonlinearity
that the sensor's phase-strain sensitivity is not likely 5. Multivalued Response
to be strongly influenced by the coating. Clearly
much work remains to be done to fully understand the Signal recovery techniques can be broadly classified
fiber/host interactions and as will be alluded to later as: "passive" or "active" and they can involve
the presence of a coating maybe important in terms of "heterodyne" or "homodyne" detection (39) [Jackson
the sensors performance life (38) [ LeBlanc and et al.] and (40) [Liu and Measures]. In heterodyne
Measures]. detection the optical frequencies in the two

interferometer arms are unequal, while in homodyne
4. STRAIN SENSOR DEMODULATION detection there is a common frequency for both arms.
AND CHARACTERIZATION True heterodyne signal recovery is unlikely for

sensors to be used in smart stuctures as it is
Signal Recovery for Interferometric Fiber somewhat difficult to affect the frequency in one arm
Optic Sensors (path) of a single fiber sensor.
Unlike resistive-foil strain gauges, interferometric
fiber optic strain sensors require phase-demodulation,
and suffer form interrupt ambiguity (i.e., if the phase-
demodulation electronics is interrupted, the new value
of the phase becomes nonunique and must be Switched Dual Wavelength
reinitialized). The generic Response Function, QuadratureTechnique
R (AO), for a two beam interferometer can (24) One of the most elegant methods of overcoming
[Jackson and Jones 1986] be expressed in the form: signal fading is to use a system that produces two

outputs that have a "phase bias" of x/2. Such
R (A0) = Io -1 + V cos(A0)})/2 (17)uavnle (orthogonal) outputs ensure that one

(17) output has maximum sensitivity while the other
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Figure 8. Experimental signals for thea pseudo-hbeterodyne demodulated Fabry-Perot fiber optic
sensor. (a) linear saw tenth driver zignal to laser diode; (b) resulting Fabry-Perot optical
signal; (c) bandpassed filtered signal, [ HKagg et at., 1991].
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experiences a minimum sensitivity. In the case of
the single fiber: polarimetric (41) [Turner et al.], two- where 0 m represents the depth of modulation of the
mode (42) [Lu and Blaha] and Fabry -Perot (6) [Hogg phase. If the peak amplitude of this saw-tooth
et al.] sensors, quadrature outputs can be achieved waveform is adjusted to be 2a (i.e., 0m = 2n) then
through an active process, such as switching or
shifting the laser frequency by some multiple of x/2 E = Omt and the normalized signal will be
phase shift for the sensor. Such techniques are sinusoidal with angular frequency (0 m over this
sometimes referred to as quadraa•rephase modulation. linear ramp part of the saw-tooth modulation. The
If the laser wavelength is switched between two sudden fall in the modulation frequency at the end of
values corresponding to a x/2 phase shift, quadrature each ramp will give rise to a sinusoidal signal of
phase signals are essentially extracted from the much higher frequency (in essence a spike). If a
sensor. If these are: sampled by orthogonal gating suitable bandpass filter is used to remove this fly-
pulses, summed and bandpassed filtered, the back spike then to first approximation the signal is
resulting sinusoidal signal can be demodulated with a phase modulated with a carrier, C0 m, and we can

phase sensitive detector (43) [Kersey et al.]. The write the normalized signal in the form:
required quadrature wavelength shift:

I/Io = 1/2 cos{W~mt + ip} (20)

A• = {2N +1}4nL (18 where V is the sum of the measurand andnonmeasurand induced phase change. Clearly, this
where N (= 0,1,2....) is termed the quadrare orde. "Serrodyne" or chirped wavelength excitation leads to
For small gauge lengths, L<10 mm, the quadrature a sinusoidal optical signal onto which is impressed
wavelenght shift falls well within the tuning range of any phase modulation arising from changes in the
a single longitudinal mode (SLM) laser diode, i.e., strain field of the sensor.

IAXd = 0.02 nm. By comparison a quadrature A schematic illustration of such a pseudo-heterodyne
wavelength shift of about 20 nm is required for a modulated Fabry-Perot sensor system is presented in
polarimetric sensor {birefringence beat length of 1.4 figure 7, (6) [Hogg et al.]. In this experiment the
mm, and laser wavelngth of 820 nIm} with a gauge laser diode injection current was modulated by a linear
length of a few cm (41) [Turner et al.]. This saw tooth signal with an amplitude corresponding to
necessitates switching between two separate lasers, one fringe. Figure 8, displays a representative laser
and represents a problem in terms of phase control, diode driving current waveform and the resulting
However, when the sensor was operated with a gauge phase generated optical carrier signal before and after
length of about 1 m, the quadrature wavelength shift filtering. After detection the carrier signal is fed to a
reduced to 0.7 nm and the sensor could be operated by digital/analogue hybrid phase tracker similar to one
switching a single laser between two wavelengths, reported by (45) [Jackson]. This system used a carrier

Pseudo-Heterodyne Phase Detection frequency of 31.25 kHz and had an effective strain-
PSineudo-Hetiodno e PhisenDection cbandwidth figure of merit of about 2,200 tistrain Hz
Since variation of the injection current in a cm- 1 when operated at 850 nm with a gauge length of
semiconductor laser causes a corresponding 1 cm. The theoretical strain resolution of this system
wavelength change, the laser can directly provide is a small fraction of a microstrain and its time
optical phase modulation (44) [Jackson et al.]. This i ml rcino ncotanadistmoptial hasemodlatin (4) Jackon t al]. his response is adequate to cover the normal loading of
approach is particularly applicable to single lead and most icaletucte Ho wever t s limited

singlemost practical structures. However, its limited

interfegometric fiber optic sensor. In the case of temporal response can pose a serious problem in the
"inefronetorchiroptid wavensor.gth modulation of the event that the structure is exposed to any sudden high
"Serrodynet or chirped wavelength modulation of the rate of loading, such as an impact. Under these
laser diode the optical frequency is swept over a given conditions the strain sensing system can lose track of
range of frequencies. During the linear part of these the strain.

saw-tooth laser drive signals (of period 2n/O) m) a
constant rate of phase change is produced in the An improved pseudo-heterodyne Fabry-Perot sensor
interferometer by the corresponding shift of frequency. demodulation system based on sinusoidal modulation
The phase change arising within each period of the of the wavelength of the laser diode and three point
saw-tooth waveform is given by the expression: phase sampling of the detected optical signal has been

developed recently (46) [Mason et al.] and is
E = [0mW m/2xlt (19) commercially available. This demodulation system



11-17

3 dB sensing

Broadband 
Coupler 

Length

Source

Wavelength Dependent Filter

Detectors ig 3 dB a s raare. CouplerBrg

B agg r dSignal•r AmplifiersSesn

Dividing 

Rgo

N• Operational

-Ampl-ifier

for 3 values ob Strain through Wa l dilter.

IWD Filter

Computer 
A A

Waelent Wavelength
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Bragg reflected signals for three values of strain; bottom right reveals how these three
signals are affected by transmission through a wavelength dependent linear filter.
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provides a strain resolution of a few pstrain with the direct manifestation of having to use a spectrally
Fabry -Perot sensor with a 2 cm gauge length and it broad source {LED or SLD} to cover the wavelength
can operate to a loading rate of 105 pstrain see-1  range associated with the potential variation in strain,
making it suitable for a broad range of strain sensing yet reflecting a very narrow band to obtain a relatively
applications. In principle, it can also be used for high strain resolution. The need to use this kind of
demodulating an e-core two-mode fiber optic sensor. low intensity source represents the primary weakness

of this approach and also restrict its multiplexing
Spectral Encoding/Ratiometric possibilities through power budget considerations.
Demodulation
A number of schemes have been devised to determine Bragg Grating Laser Sensing System
the wavelength of the narrowband backreflected A clever way around this dilema is to use the sensing
signals from intracore Bragg grating sensors (31) intracore Bragg grating to tune the wavelength of a
[Morey et al.] and (47) [Kersey et al.]. However, laser. Intracore fiber optic Bragg gratings were first
none of them are as: inexpensive, simple, compact employed as an external tuning mirror for an argon
and fast as the elegant spectral ratiometric method of ion laser by Hill et al. (48) and later for a
wavelength demodulation, see figure 9, semiconductor laser by Dunphy et al., (49). In this
demonstrated for the fiber optic intracore Bragg arrangement the lasing wavelength is controlled by
grating sensor by Melle et al.(29). If the narrowband the measurand determined back-reflected Bragg grating
backreflected Bragg peak is modelled as a Gaussian optical signal. Monitoring the lasing wavelength

function of spectral width, AX, and center with the spectral ratiometric technique allows direct

wavelength, XB, and a linearized filter function of determination of the measurand, figure 10. The

the form: advantage of this approach is the greatly improved
signal to noise ratio arising from the much larger

F(.) = A ( X -k 0) (21) optical signals. A fiber laser can be used as an
alternative to a semiconductor laser and tuning of this
kind of laser has already been demonstrated, (50) [Ball

assumed, then the ratio of the filtered, IF, to reference, and Morey]. Recently, we have continuously tuned

lR, optical signals: an erbium doped optical fiber laser over an interval of
about 5 nm by varying the temperature of its
intracore Bragg grating, (51) [Alavie et al.].

IFIR = A - O + A./Vn ) (22) The real advantage of this intracore Bragg grating

where A is the filtering slope and X0 is that laser sensor approach, however, is its potential to be
developed into a multisensing system with an

wavelength for which F(.) is zero. This is clearly a electrical/optical structural interface. The concept
linear function of the back-reflected Bragg involves using one intracore Bragg grating sensor to
wavelength, (29) [Melle et al.]. Fluctuations and control the wavelength of one semiconductor laser in
variations of the source intensity, connector an array of lasers (52) [Measures et al.]. Indeed, if
alignment and coupling losses will not affect the this wavelength demodulation system were to replace
output of this ratiometric detection system, as the the single detector normally used to stabilize the
system is self-referencing. Amongst the types of semiconductor laser output, the resulting sensing
filters that can be used in such a system are: coloured system would be extremely simple, compact, robust
glass bandpass filters, narrow band or edge (with no couplers). Fbr low speed applications a
interference filters, dichromic filters, tapered optical single wavelength ratiometric demodulation system
fibres or guided wave Bragg gratings, could be used to interrogate each sensor in turn by

directing the outputs from all the lasers to it by
The strain-sensitivity of this ratiometric wavelength means of an optical system and exciting each laser in
demodulation system is primarily determined by the sequence. This spatially multiplexed optical system is
"slope" of the filter function, while the strain schematically portrayed in figure 11.
resolution is limited by the signal to noise ratio.
Melle et al., (30) have recently demonstrated a strain Where high speed, real-time monitoring is required
resolution of better than 10 Jtstrain with a each laser would have its own wavelength ratiometric
measurement range of about 3000 pstrain in the case demodulation system and electronic multiplexing
of the intracore Bragg grating sensor. This resolution would be used to enable a single output channel from
is limited by the small reflected optical signal and is a the interface. Either of these systems could handle
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many sensors, yet be constructed on an optoeletronic to be given to the diameter of optical fibers and their
chip that would make it very compact, robust and low type of coating if they are to be embedded within
cost (in large numbers). This would endow this composite structures and function correctly with no
sensing system with a number of significant performance degradation for the useful life of the
advantages over other systems under consideration structure. The presence of a coating could have a
today, one of the most important being the prospect profound influence on this sensor/host interface and
of a combined sensing and demodulation system could permit the sensor's sensitivity and performance
small enough to be mounted inside the structural life to be optimized by reducing the high stress
interface (or even embedded within a composite concentration in the vicinity of the optical fiber.
structure) and invoving a single electrical or optical Sirkis and Dasgupta, (37) have considered the effects
interconnect (52) [Measures et al.]. This could of coating size and stiffness, while DiFrancia et al.,
solve many of the critical issues facing the practical (57) employed a pull-out test to compare the
implementation of Smart Structure technology and properties of different polyimide coated optical fibers
discussed in the next section. embedded within neat resins. Pak, (58) has modelled

a coated optical fiber embedded within a host
5. CRITICAL ISSUES FOR SMART composite as a set of cencentric circular inclusions.
STRUCTURE STRAIN SENSING When optical fibers are embedded collinear with the

ply direction no resin eye forms and minimal stress
Implementation of Smart Structure technology will concentration is expected. However, for this
require a number of critical issues to be addressed. configuration a resin cavity is formed at the end of the
These are indicated in figure 12, and can be divided optical fiber and this could lead to initiation of sensor
into micromechanic issues and system architecture debonding from the host material. This suggests that
issues, (52) [Measures et al.]: it may be prudent to locate the sensing region some

distance from the end of an embedded optical fiber
Influence of Embedded Optical Fibers on intended for extensive use. We are currently
the Material Properties investigating the seriousness of this problem and will
If optical fibers are to be embedded within advanced shortly publish our initial findings, LeBlanc and
composite materials they must not: compromise the Measures (38).
tensile or compressive strength, increase the damage
vulnerability or reduce the fatigue life of these Sensing System Architecture and
materials. Preliminary evidence suggests that the Multiplexing
presence of embedded optical fibers has a minimal A sensing system within a practical Smart Structure
degradation of composite material properties (53) will have to be fairly robust and degrade gracefully
[Czamek et al.], (54) [Blagojevic et al.], (55) [ when the structure suffers modest damage. Special
Loken], (56) [Roberts and Davidson] providing that coatings, a judicious choice of location and
the diameter of the optical fiber is less than about 125 orientation may help to reduce premature fracture of
pim. Nevertheless, micrographic studies reveal that if the embedded optical fiber and use of a cellular
the optical fibers are embedded at an angle to the sensing architecture could minimize the degradation of
adjacent ply directions, resin cavities are created. sensing capability associated with the loss of any
Clearly, more definitive research will be needed before particular set of optical fibers. The type of
optical fibers can be imbedded with confidence within measurement to be undertaken will dictate whether the
structures intended to have a 20 (plus) year working fiber optic sensors should be localized or distributed,
life. while the nature of the structure will determine if they

are multilayered or limited to form a single layer.
SensornHost Interface and Performance Life Optical fiber orientation and placement, especially in
The interfacial shear strength between the optical fiber an advanced composite material layup, spatial
and the host resin matrix determines the degree of resolution and constraints imposed by the optical
adhesion of the optical fiber within the composite fiber finite bend radius are all important factors to be
material and thereby the reliability and performance considered. Sensing system damage vulnerability and
life of embedded fiber optic sensors. It is possible ease of fabrication represent other considerations to be
that high stress concentration observed around taken into account.
embedded optical fibers could coise debonding
between the optical fiber and the host matrix. This Multiplexing is the merging of data from several
represents a potentially serious concern in terms of channels into one channel, while demultiplexing is
semor performance. Careful consideration will have the inverse. The primary parameters used in optical
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multiplexing schemes are: wavelength, time, Strain measurements made with optical fiber sensors
frequency, phase and space, consequently, there are embedded within such structures would thus be
five complicated by the appearance of apparent strain due
multiplexing techniques. In terms of modest scale to the appreciable thermal sensitivity of the index of

structures, such as the section of an aircraft wing, it refraction and thermal expansion of the optical fiber
may not be possible to accomplish multiplexing as and the host, (6) [Hogg et al.] and (53) [Measures].
part of the structure. An exception based on the
intracore Bragg laser sensing system was mentioned Thermal Sensitivity and Apparent Strain
earlier (52) [Measures ct al.]. In the case of interferometric sensors the incremental

change in the phase associated with an incremental
Structural Interconnect/Interface change in both the local stress, Ao, and the
The nature of the structural interconnect problem temperature, AT, is given by (53) [ Measures,
hinges on whether the input/output is optical or 1992a]:
electrical. Current thinking is predicated on optical
signals flowing into and out of the structure via the 1 Fk i + 1 an JAG+ 1 an + aXF ATl
structural interface. In general this interface must n iT

have minimal structural perturbation, be easy to
fabricate and introduce during fabrication of the (23)
structure. If multiplexing is not used each sensor has in which E, is Young's Modulus and CLF, and CtF, is
its own input/output and a ribbon or bundle of optical the coefficient of thermal expansion for the optical
fibers would have to egress from the structure. The fiber. The 2nd term in (23) corresponds to the strain-
structural interconnect problem would be greatly optic effect and the 3rd term accounts for the
simplified if each major sensing cell were connected thermooptic effect. Note that the coefficient of
through a single electrical cable to a central computer thermal expansion in (23) corresponds to that of the
facility for interpreting the data. The development of a free fiber.
multisensor signal processing optoelectronic chip
would simplify the interconnect issue and provide a If we introduce the bonded fiber phase strain
number of advantages, (52) [Measures et al.]. coefficient :

One of the most important is the great reduction of kI +Ia
unit cost when so much of the system is reduced to g = n1 1 (24)

the form of an optoelectronic chip. This includes:

multiplexing, multisensor signal processing and
possible conversion to an electrical output. Anotherimportant aspect of the structural interconnect is its kilan
need to be extremely user friendly. This is particularly f = + I

true if Smart Structure technology is to be n-T IF (25)
implemented broadly, such as on: aircraft,
spaceplatforms, or any other site where someone may
have to plug in the system in a hash environment or
in an awkward location.

6. THERMALLY INDUCED APPARENT
STRAIN

The change in the phase of light propagating along a
structurally integrated optical fiber subject to a change
in temperature, but no applied force, is another issue
that has to be addressed when considering the use of
optical fiber sensors for strain measurements in
practica l Smart Structures. This is especially so in
the Aerospace field, where they are likely to be
subjected to considerable temperature excursions.
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In the case of an optical fiber bonded to a composite and we see that the apparent strain is given by:
host material, under conditions of no applied load
other than the incremental stress arising from the
difference in the coefficient of thermal expansion
between the host material and the optical fiber, we -[ I-LIT(9
can write: LP - (29)

A, = E(aH - aFi)AT (26) The apparent strain sensitivity can thus be defined by
the relation:

where am is the coefficient of thermal expansion K = i-- + aH - F(30)
for the host material. Equation (23), would thus
indicate that the incremental change in the phase A similar analysis undertaken for the intracore Bragg
associated with an increase of temperature, AT, can grating sensor leads to comparable results.
be expressed in the form:

For a double pass Fabry-Perot fiber optic sensor, with
= g (a{H - aF) AT + f AT ctF - 0.5 [pstrain K-1], representative values of: g;

(27) f; and K , are provided for two types of optical fiber
in Table III , assuming that the sensor is bonded to

If we rewrite (27) in terms of an apparent strain, an aluminium plate {CfH = 23.8 [pstrain K-i] }.

Eapp, then we have:

AO = g9Eapp (28)

Table III. Strain and Temperature Coefficients for Two Types of Optical Fiber

York HB 600 830 nm PANDA
[Hogg et al., 1991] [Hogg et al., 1992]

g [deg.pstrain-i cm-1] 13.3 8.2
f [deg. K-1 cm-i] 55.0 83.1
K [pstrain K-1] 27.4 33.4

Temperature Compensated Strain Sensing
and Cross Sensitivity Ao =E(a1 1 - CFL)AT
One method of dealing with the appearence of thermal
apparent strain is to measure the temperature at the where am, is coefficient of thermal expansion for
same time as the strain is monitored. This approach host material, and aF, is coefficient of thermal
is often employed with conventional strain gauges, expansion for the optical fiber. The change in phase
and is fairly easy to implement for fiber optic strain experienced by two sensors: one bonded to the host,
sensors by introducing a compensating sensor that is the other free (ie uncoupled to host strain) subject to
exposed to the same temperature, but not the strain, an incremental change in temperature, AT, are:
figure 13.

For an optical fiber bonded to a host material subject A4#Bond " [g (aH - aF) + f I AT + gAEstress
to an incremental change in temperature, AT, with no
applied load, we saw from equation (26) that the (31)
ncremental change in the stress: and
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Figure 13. Temperature compensated strain sensing with two surface adhered Fabry-Perot fiber
optic sensors. (A) temperature sensor that is supported only at one end so as to be
decoupled from any external strain, (B) sensor for measuring both strain and temperature
of host.
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beam subject to a sudden rise of temperature: (A) temperature sensor output; (B) strain
and temperature sensor output; (C) strain signal with temperature linfluence removed, see
text.
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A+F= = f AT (32) the use of a 90 degree rotation of the polarization axescan lead to temperature compensation that diminishes

the temperature sensitivity of a free fiber optic sensor.
where AE81e represents the stress induced strain to In reality, however, it is necessary to bond or embed
be evaluated, the sensor and the difference in the thermal expansion

coefficients between the optical fiber and the host
If we introduce the Temperature Compensation material is still likely to give rise to an appreciable
Factor: apparent strain, see the above calculated relative

contributions to the apparent strain sensitivity for an
CT [g{caH - adF + f]I/f (33) optical fiber bonded to aluminium.

then the "stress induced strain": In the case of optical fiber sensors embedded within
composite material structures the thermal apparent
strain can depend quite strongly on the orientation of

A •siess = [4bBonded - CT +Free 1/g the optical fiber relative to the reinforcing fibers due
(34) to the highly anisotropic properties of these

materials. These factors might have contributed to
Hogg et al., (54) have determined experimentally that the errors observed in trying to make simultaneous
for an 830 nm PANDA optical fiber adhered to strain and temperature measurements within a heated
aluminium: composite specimen with embedded polarimetric and

two mode fiber optic sensors, (59)[Michie et al.]. The
CT = 3.32 and g = 8.2 [deg.pstrain-1 cm-1] relative importance of transverse coupling to these
They have also demonstrated that this means of consideration has also to be resolved. Conventional
temperature compensation permits load induced strain resistive foil strain gauges expected to work over
sensing to be undertaken even in the presence of a appreciable temperature ranges have to be tailored to
rapidly varying temperature, figure 14, at least in the material to which they are adhered. A similar
the case of a surface adhered sensor. Note that use of a procedure may be required for fiber optic strain
similar sensor for both the temperature and strain sensors and this would necessitate the development of
measurement is in keeping with the strategy of using special thermally compensated optical fibers,
one kind of sensor for all measurements. probably based on suitable doping.

In certain situations it may be possible to Lastly, the issue of strain and temperature cross
deconvolute the strain and temperature by making two sensitivity terms may have to be taken into account.
measurements with the same sensor. For example, However, Farahi et al., (56) and Vengsarkar et al.,
Blake et al., (12) [19871 and Huang et al., (55) [1990] (57) have shown that for free optical fibers these
suggested that strain and temperature could be terms are negligible unless large strain or temperature
simultaneously evaluated by monitoring the LP01 and excursions arc to be considered.
LP11 spatial mode interference on the two
eigenpolarization axes of an "elliptic-core two-mode
sensor." The two polarization modes in a highly 7. STRAIN MEASUREMENT
birefringent Fabry-Perot fiber optic sensor were used APPLICATIONS
by Farahi et al., (56) to evaluate the strain and the
temperature experienced by the sensor when heated. Sensing Strategy for Strain Field
Simultaneous measurements of strain and temperature Measurements
were also undertaken by Vengarkar et al., (57) using If a scalar field, like pressure or temperature, is to be

two wavelength excitation of an e-cor two-mode mapped a grid of localized line integrated fiber optic
sensor. The sensor performed as a polarimeter when sensors can be used in conjunction with an inverse

operated at a wavelength great than the cutoff Radon transform. However, a grid of line integrated

wavelength and as a two-mode sensor when operated optical fiber sensors, in general, cannot be used to
below the cutoff. A resolution of 10 pstrain and 50 map a vector or tensor field, such as strain.
C was attained when a 28 cm gauge length was Exceptions can arise where the field is constrained in
employed, such a way that it is not truly two dimensional in

nature. Where the field is two dimensional, three
In the cuse of a polatmet sensor, D)kin asd VW independent measureans ae nquie•d at each point

(56) 010a Dock and Woimd, (57), hve d hown ha to uniquely specify the field. his can be

I
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Figure 15. Photograph permitting comparison of a conventional foil electrical strain rosette (left side)
with that of a fiber optic strain rosette (right side).
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accomplished, in certain situations, by using the resolution to 8 pstrain. It is expected that this limit
optical analogue of the conventional resistive foil could easily be exceeded by at least an order of
strain rosette, comprising three small identical high magnitude when the ratiometric wavelength
sensitivity fiber optic sensors set at different demodulation system is used with a intracore Bragg
orientations, figure 15, (8) [Valis et al.]. Under grating laser sensor, (52) [Measures et al.], figure
these conditions high spatial resolution is important 10.
as each sensor must have a gauge length that is small
compared to the scale length for the field gradient. The first fiber optic measurement of strain from the
This tends to rule out two mode and polarization wing of an aircraft have been reported by Murphy et
sensors, except for very large structures, Table II. al., (59). They affixed an extrinsic Fabry Perot sensor

to the underside of the wing of an F-15 aircraft
mounted on a lbst Facility at the Wright Patterson
Airforce, Base, Ohio. The wing was loaded from zero
to 100% load (representative of a fully loaded F-15 at
an altitude of about 6000 m performing a 7 g
manoeuver) and also cyclically

The structural interface and interrconnect aspects of loaded. A comparison of the quadrature phase shifted
any particular situation are likely to be key factors fiber optic sensor with that of a conventional foil
that must be taken into account when considering the strain gauge during part of the cyclic loading is
sensing system architecture. In the case of structural presented as figure 16. The comparison is quite
components that have to be inspected, tested, and reasonable and although this represents a significant
serviced on a regular basis (like aircraft) an extremely first, the complexity of the dual fiber extrinsic Fabry-
robust and user friendly interface/intercormect system Perot sensor head, required for quadrature detection,
will be required. The multisensing system based on figure 17, leaves much to be desired in terms of a
the intracore Bragg grating laser sensor described practical, robust and unobtrusive sensor for
earlier, figure 10, has the potential to be integrated embedding within composite material structures. For
onto an optoelectronic chip, figure 11, to form a this reason the "intrinsic" fiber optic Fabry-Perot
part of such an structural interface, (52) [Measures et interferometer pioneered by Lee and Taylor (5)
al-] and greatly simplify the interconnect problem. constitutes an important advance. We have been able

to fabricate Fabry-Perot sensors using a reflective
Basic Strain Measurements fusion splice based on a metal evaporation technique
The strain field within a structure represents a primary (8) [Valis et al.]. The advantage of this approach is
parameter which can be related to any load applied to that it leads to the formation of internal mirrors of
the structure and is clearly relevant when considering high reflectivity which is important from a power
the response of the structure in terms of its vibration budget standpoint. Recently, Lee et al., (60) have
and deformation. We shall see that such demonstrated that internal mirrors of high reflectivity
measurements are crucial for active control of adaptive could be fabricated using multilayers of TiO 2 and
structures and that precise measurements of strain SiO 2 and that these Fabry-Perots sensors can be
may also permit other parameters, such as the degree embedded in thermoplastics and even cast aluminium.
of cure of a thermoset composite or the extent of
delamination damage within a multilaminate We have measured the strain sensitivity of embedded
composite material structure, to be evaluated, intrinsic Fabry-Perot strain gauges and shown that

their strain response is linear when embedded within
Simonsen et ai., (58) have investigated the strain several different composite materials: Kevlar/epoxy;
sensitivity, linearity and reproducibility of fiber optic graphite/epoxy and graphite/PEEK and that it is free
intracore Bragc grating sensor embedded within glass- of hysteresis during load and unload cycles an we have
fiber reinforced polyester. Their strain resolution was also shown that the strain sensitivity of the Fabry
about 100 pstrain, compared to 8 pstrain achieved Perot sensor is not a function of its gauge length, (8)
recently using a passive, ratiometric, wavelength [Valis et al.]. We have embedded uniaxial FP sensors
demodulation technique on a reflective Bragg grating in graphite/PEEK and Kevlar/epoxy to assess sensor
sensor, (30) [Melle et al.). Furthermore, in the case survival and response. Table IV, summarizes the
of the ratiometric wavelength demodulation system it Fabry-Perot fiber optic strain sensor characterization.
was the very low optical signal that limited the strain
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Figure 16. Comparion of the strain measured on the wing of an F- 15 aircraft by a conventional foil
strain gauge (open circle) and extrinsic Fabry-Porot fiber optic sensor (dot) [Murphy et al.,
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Table IV. Fabry-Perot Fiber Optic Strain Gauge Characterization

"Typical Gauge Length 3-20 [mm]
Sensor Diameter 125 [ttm]
Operating Mavelength 632.8 [m]
Strain Sensitivity{at 633 nm} 13.3 [deg. pstrain-lcm-X]
Temperature Sensitivity 55.0 [deg.K- cm-1]
Tensile Strength 2,000 [pstrain]

The performance of these devices indicates that they picture of an illuminated optical strain rosette and a
can match, and probably surpass, the performance of conventional resistive strain rosette is presented as
conventional resistive-foil electrical strain gauges figure 15. Recently, we have extended this work
eventually. However, unlike the conventional to the more general case of an arbitary 3-D strain
resistive-foil devices, they require phase- field, (61) [Liu and Measures].
demodulation, and suffer from interrupt ambiguity. A
demodulation system has been developed recently for Measurements Relevant to Aerospace
the Fabry-Perot sensor that may be suitable from a Applications
Smart Structures perspective (46) [Mason et al.] and Although, in the next section we discuss strain
is commercially available from FiberMetric measurements under the Aerospace heading it should
Corporation. be borne in mind that many of the measurements are

generic in nature and would find broad application to
Unfortunately, the semireflective metal fusion splice other mobile platforms or stationary structures. A
represents a source of structural weakness for the selection of some of the more important
Fabry-Perot sensors. It is susceptible to failure in measurements for: aircraft; helicopters; space
bending and tension at loads significantly less than platforms ..... includes:
those of bare fibers. The reason for this weakness is -- Vibration frequencies of: flexible space
that at present the entire endface of each optical fiber structures, flight control surfaces, propellers...
is coated with a metallic film prior to fusion. This -- Spatial vibration modes of: flexible space
approach is unwarrented, as only the core needs to be structures, flight control surfaces, propellers...
reflective, and has the effect of preventing complete -- Thermal deformation of space structures caused
fusion of the two fibers. Ideally, the cladding regions by shadows and one sided solar heating.
of the endfaces should be glass-to-glass fused. In order -- Excessive loading, pressures leaks, impacts .....
to improve the strength of our FP sensors we have -- Long-term health monitoring including
developed a method of creating localized mechanical and thermal load history.

semireflective-mirrors, (8) [Valis et al.]. - Internal strain distribution and pressure loads
(especially for human occupied structures).

Where it is necessary to measure the in-plane strain -- Onset of internal crack formation (especially for
tensor at a point within a structure the fiber optic human occupied structures).
analogue of a resistive foil strain rosette is required. -- Impact detection and localization.

We were the first to recognize the importance of such -- Damage assessment (delamination in ACM).
a fiber optic strain rosette and to demonstrate its -- Corrosion degradation of aircraft and helicopters.
viability based on three Fabry-Perot fiber optic -- Oxygen erosion of composite space structures.
sensors, figure 18a, (8) [Valis et all. lbst optical -- Real time aerodynamic loads for aircraft.
strain rosettes have been constructed and bonded to the -- Shape evaluation for actuation control and
surface of an aluminium cantilever beam and monitoring of vibration damping.
embedded within a carbon/PEEK cantilever beam. The - Flap and engine control position monitoring.
laminar strain tensor measured with the embedded - Flutter and noise measurement for active
fiber optic strain rosette was found to be in good suppression.
agreement with the results obtained from a surface - Tbmperature distribution and anomalous hot spot

adhered electrical strain rosette, figure 16b. A detection.

p.. . . ..... ... .. .... .. . ... . . .. .
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Figure 18. (a) Fiber optic strain rosette based on three Fabry-Perot fiber optic sensors: (b) A
comparison of the laminar strain tensor measured by the fiber optic strain rosette
embedded within a composite cantilever beam with the results obtained from a surface
adhered conventional foll strain rosette, [Vals et al., 1990].
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For convenience we can discuss the applications
under three headings: Composite Material Cure Monitoring

Cure monitoring of thermoset advanced composites
Damage Assessment with the same embedded sensing system designed for
Even though, the Michelson sensor is not suitable for in-service structural monitoring would improve
practical Smart Structures it has served as a useful quality control of many composite material structures
demonstrator of what should be possible with Fabry- and thereby represent another very important
Perot sensors as their strain sensitivity is comparable. application for the resident optical strain sensors.
For example, the Michelson fiber optic sensor has Dunphy et al., (27) indicated that an intracore Bragg
verified that acoustic energy released as a result of grating sensor embedded within a 6 layer
matrix cracking, fiber breakage or interlamina graphite/epoxy specimen detected the onset of
debonding (delamination) within various composite vitrification and survived the high temperature and
materials{Kevlar/epoxy and graphite /epoxy} could be pressure conditions within the autoclave. Their
it detected by an embedded interferometric fiber optic measurements also appeared to pickup the thermally-
sensor. In this work, quadrature detection was ensured induced residual strain as the specimen cooled. In
by a low frequency piezoelectric (PZT) phase these experiments a second, reference, intracore Bragg
modulation feed-back system that also eliminated grating sensor along the same optical fiber was strain
drifts and slowly varying strains, Liu et al., (4). In decoupled from the specimen and served to
these experiments the composite panels were compensate for the temperature changes. However,
subjected to out-of-plane loading and the high use of the strain field coupled to the optical fiber may
frequency signals from the fiber optic sensor recorded. limit the accuracy and relevance of this approach as it
We have been able to demonstrate that embedded samples the resin properties only in the immediate
Michelson fiber optic strain gauges can detect vicinity of the optical fiber.
acoustic emission associated with the generation of
threshold delaminations. However, the complexity Sun and Winfree (65) suggested that measurement of
of composite materials may frustrate this approach spatially averaged bulk moduli should serve as good
and in the end the use of neural networks may be indicators of the cure state. We have undertaken some
required to help locate and assess the extent of damage initial research to determine if cure monitoring of
from acoustic emission signals. Furthermore, thermoset advanced composites might be feasible
acoustic wave generated birefringence induced in the through the use of optoacoustic probing. In this
embedded optical fibers can prevent the amplitude of approach the high sensitivity of embedded
the acoustic emission signals from conveying any interferometric fiber optic sensors is used to measure
useful information unless polarization maintaining the velocity of acoustic waves averaged over the
optical fibers are employed, (4) [Liu et al.]. distance between the launch and sensing sites. This
Recently, Lee et al., (60) have demonstrated that should provide a measurement of the average cure
intrinsic Fabry-Perot fiber optic sensors can indeeed state over a specific region of the structure. If it is
detect acoustic waves with frequencies of 0.1 to 8 desirable to use a purely optical technique then
MHz within cast aluminium and graphite/epoxy intense laser pulses can be employed to create the
composites structural elements, probing acoustic waves. A schematic of such a

possible laser generated optoacoustic sensing
Another possible method of assessing damage arrangement involving a Fabry-Perot fiber optic
{specifically delamination) within composite material sensor and an embedded laser pulse delivery optical
structures is based on vibration analysis, (62) fiber is presented in figure 20. Preliminary results
[Marplel and (63) [Alpher]. It is anticipated that an of the variation in the arrival time for acoustic pulses
embedded optical fiber strain sensing system might as a function of cure time for Hysol resin is presented
detect: shifts in the frequency and{orlchanges in the in figre 21, (66) [Measures et al.). The
damping constants of one or more mechanical experimental setup is indicated in figure 22, where
vibration modes of a structure. This concept is it is seen that the acoustic waves were generated on
illustrated in figure 19. However, initial work (64) the surface of the specimen by laser pulses delivered
[Gao et al.,J suggests that vibration analysis cannot from a Nd-YAG laser through an optical fiber and a
serve as the sole indicator of delamination damage Michelson fiber optic sensor was used. These and
within composite structures although it may well later results, (67) [Ohn et al.] are quite encouraging
compliment other approaches. Optoacoustic probing and it is expected that autoclave tests should be
and strain anomaly measurements represent two such shortly conducted.
techniques to be explored.
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Active Structural Control information would obviously be vital to the
In Smart "Adaptive" Structures the information structurally integrated actuation control system of any
provided by the built-in sensor system is used for Smart Adaptive Structure. Strain measurements may
controlling some aspect of the structure, such as its: also be used to detect and assess any damage sustained
stiffness, shape, position, or orientation. Adaptive by the structure and even more crucially ascertain if
(variable-geometry) truss structures possess multiple the structure has suffered an acute or chronic loss of
degrees of freedom that makes them ultradexterous and structural integrity. Continuous monitoring of the
capable of adopting complex configurations applied loads could also be used to determine the
impossible for a conventional, multi-joint, multi-link actual fatigue life of the structure at any point in its
anthropomorphic manipulator of comparable size and operation. In the case of composite materials
mass. They are superior in terms of: deployment and improved quality control during fabrication may be
contraction; minimal storage space; strength-to-mass possible from such a built-in sensing system and this
and stiffness-to-mass; telescopic motions; redundancy could lead to a more consistent and reliable product.
of actuator function; and resistance to longitudinal and Overall the introduction of an embedded fiber optic
lateral buckling. "Smartruss" represents a generic strain sensing system to composite structures may
smart adaptive structure element, figure 23, that enhance confidence in their use and lead to an
could find application in space structures as diverse as expansion in there range of application, especially as
the Space Based Radar Satellite and the Space Station primary structures in the Aerospace field.
Remote Manipulator System and serve as the
forerunner of flexible robotic manipulators. Two types of fiber optic sensor appear to qualify for

continued consideration as the universal sensor for the
Accurate and fast strain measurements will be required broad range of potential Smart Structures. In
by any resident sensing system to be used for Smart principle intracore fiber optic Bragg gratings could be
Adaptive Structures. We have developed a dual Fabry- formed during the fiber pulling process by exposure
Perot fiber optic strain sensor system to be used with to intense pulses of laser (or other) radiation which
the actuation control system of" Smartruss," (46) makes possible automated fabrication, (68) [Askins
[Mason ct al.]. Each of the Fabry-Perot strain gauges et al.] and ensures no loss in the strength of the
was formed in SM800 optical fiber and had a phase- optical fiber. Furthermore, if they are used to control
strain sensitivity - S = 1,02 deg. Vtstraiw-t m-n', (6) the wavelength of (fiber or semiconductor) lasers and
[Hogg et al.] at 819 ran. In this dual Fabry-Perot used with the new ratiometric wavelength
sensor system one modulated laser was used to excite demodulation system,(52) [Measures et al.] they can
both Fabry-Perot sensors. The back reflected signal form robust, simple, absolute measurement, low cost
from each sensor was directed to its own photodiode multisensor systems with the potential to be
and strain decoder electronics, figure 24. This integrated on to an optoelectronic chip that can form
system has a linear response and provides a strain part of the structural interface and in essence solve the
resolution of better than 10 pstrain for a 9 mm gauge critical interrconnect problem. There are two
length. Furthermore, this system can respond to questions that remain to be proven: first can the
strain changes of 105 pstrain sec-1 , which is intracore Bragg grating sensor perform all of the tasks
important when strain measurements are to be required, and second can Bragg gratings of "sufficient
attained against a mechanically noisy background quality" be fabricated in an automated process. The
fvibrations and impacts}. An example of the Fabry-Perot sensor can undertake any measurement
controlled and uncontrolled response to step excitation likely to be required of an optical strain gauge and a
is presented as figure 25. new pseudo-heterodyne demodulation system allows

this sensor to be used with high precision. For the
S. CONCLUDING REMARKS AND Fabry-Perot sensor to be seriously considered for
FUTURE PROSPECTS Smart Structures,however, a low cost, fast method of

fabrication will have to be developed and one that
Structurally integrated fiber optic sensors (SIFORS) does not compromise the strength and fatigue life of
will form the optical nerves of future Smart the optical fiber.
Structures and strain sensing will constitute the most
important measurement to be undertaken. Strain Although the sensing architecture is strongly
measwurents will provide valuable information on dependent upon the specific application and the
the use and loading of such structures and will also structure to be instrumented it is clear that a sensing
indicate the response of the structure to these loads in cell architecture offers great flexibility and is
terW= of shape change and vibration. Strain particularly attractive for complex, multilaminate
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suspension lines

Figure 23. Schematic of OSmartruss,* revealing fiber optic sensor and piezoelectric actuator control
configuration, {Courtesy of Dynacon Ltd.}. Note in final configuration both Fabry-Perot
fiber optic sensors were placed on the left segment of the beam.
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Figure 24. Dual Fabry-Perot fiber optic sensing system used on the Smartruss, {Courtesy of
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composite structures. For embedded fiber optic 3. Measures, R.M., (1989), "Smart Structures with
sensors: interpretation of the optical signals in terins Nerves of Glass", Progress in Aerospace Sci.
of the host strain field; thermal apprent strain; vol. 26, 289-351.
performance lifetime; structural interface and
interrconnection, represent serious issues that remain 4. (a) Liu, K., Ferguson, S. M., and Measures,
to be addressed. R.M., (1989)," Damage Detection in

Composites with Embedded Fiber Optic
In the 21st Century Smart Structure technology could Interferometric Sensors," SPIE, vol. 1170, Fiber
lead to a structures that are self monitoring and even Optic Smart Structures and Skins H, 205-210.
self scheduling of their maintenance and repair. This
revolution in technology could usher in a "new age (b) K. Liu, S. Ferguson, K. McEwen, E.
of engineering". This era would see the marriage of Tapanes, and R.M. Measures, (1990) " Acoustic
fiber optic technology and artificial intelligence with Emission Detection for Composite Using
material science and structural engineering. Major Embedded Ordinary Single-Mode Fiber Optic
structures constructed in this period would be Interferometric Sensors," SPIE vol.1370: Fiber
constructed with built-in optical neurosystems and Optic Smart Structures and Skins m, 316-323.
active actuation control that would make them more
like living entities than the inanimate edifices we are 5. Lee, C.E., and Itylor, H.E, (1988),
familiar with today. lb carry this biological "Interferometer Fiber Optic Sensors using
paradigm one step further, it may even be possible to Internal Mirrors,"Electron. Lett., vol. 13, 193-
contemplate future structures that have the capacity 194.
for limited self repair. Indeed, if we think of the new
frontiers for engineering as being in space or 6. (a) Hogg, D., Janzen, D., Vais, T.,and
underwater, self diagnosis, self control and self Measures, R.M., (1991), "Development of a
healing may not be so much esoteric as vital. Fiber Fabry-Perot Strain Gauge", SPIE, vol.

1588, Fiber Optic Smart Structures and Skins
IV, 300-307.
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ABSTRACT composite with either embedded or surface bonded optical
We report the results obtained in measuring the static and fibre. Up to six sensing zones were interrogated in parallel

dynamic strain of carbon/epoxy composites with by using a multichannel Michelson receiver [5].
embedded or bonded fibre optics white light quasi- EXPERIMENTS

distributed polarimetric sensor. Linear and accurate The sensing system is made of an emission unit, the optical
measurements were obtained and up to six sensing zones fibre transducer and the multichannel white light

were parallely interrogated along a single optical fibre. interferometric receiver. The emission unit is based on a

INTRODUCTION Hi-Bi pigtailed RCA SuperLuminescent Diode with a

Intrinsic optical fibre sensors where the optical fibre itself centre wavelength of 816 nm. Its output is then polarized

is the transducer offer low invasiveness which is of high by a YORK fibre polarizer. The polarization axes of the
interest for the monitoring of strain and vibration fields in Hi-Bi pigtail, the fibre polarizer and the Hi-Bi optical fibre
structures. Such sensors can even be embedded in transducer all have the same orientation. These fibres are
composite materials such as glass/epoxy or carbon/epoxy connected with RADIALL polarization maintaining
in order to give information on their internal health. connectors, whilst one is also used for the input into the

Ideally, the optical sensor should give a linear, accurate as white light receiver ; this insures easy connection of the
well as distributed measurement along a single fibre in optical fibre transducer to the emission and reception units.

order to lower the number of optical fibres and therefore The white light receiver first contains an analyzer axes of

help in the sensing network integration in the host which are orientated at 450 from those of the optical fibre
material. A quasi distributed polarimetric measurement transducer. The analyzer is followed by a Michelson

based on white light interferometry between the two linear interferometer possessing a mirror with seven facets of
polarization modes of a Highly Birefringent (Hi-Bi) fibre differing thicknesses with a bundle distribution in its
was recently reported (1,2]. In this technique, the aperture, in order to demultiplex up to seven polarimetric

successive sensing zones are delineated by polarization signals [5]. These signals are then detected in parallel with
mode couplers which can be implemented through an array of seven lenses and by seven photodetectors, and

application of stress [2] or more advantageously through a the phase between each of them measured at an

grating photoinduced in the core of the optical fibre by a Intermediate Frequency generated by a sawtooth displace-
KrF laser [3]. The polarimetric signals generated by the ment of the plane mirror of the Michelson receiver (pie-

polarization mode couplers are then demultiplexed by zoelectric actuator). This therefore allows the parallel

white light interferometry (4], the phase difference measurement of the polarimetric phases on six sensing

between two successive signals giving the polarimetric zones.
phase on the sensing zone comprized between the two An optical fibre transducer possessing two 27 cm long
correspioding polarization couplers. sensing zones along a stress birefringence Hi-Bi fibre from

We here repor results obtained with such a technique on 3M was first embedded, parallel to the reinforcement,

static and dynamic strain measurements in carbon/epoxy between plies 39 and 40 of a 40 plies, 1100 mm long,
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unidirectional carbon/epoxy composite. The specimen was

then statically flexured in three point and four point b"
bending configuration. The four point bending test is E 350-

represented in figure 1.-0

CARBON/EPOXY *I

COMPOSITE - 91

0 20 0 s0o0 100

LOAD (N)

~~~~& .*.*.*..*AorT1cALSENI6R I SrRADIGAUOE1 0 CALCULATEDA'
S.. .* ..... ~....A 0IICALSBIOR2 0 SRMANCIAUGB2 0 CALJCULATED02•i . ........... ......... ::::::::::::::::::

Figure 2a Average strain on the two sensing zones
given by the optical sensor, local strain
given by the strain gauges and theoretical

POLARIZATION COUPLERS strain versus loading during four point
bending test; the optical fibre is in
extension on the bottom side of the

Figure 1 Scheme of four point bending test on Composite
carbon/epoxy composite with embedded
optical fibre transducer possessing two
sensing zones (E : emission unit, R : white LOAD(N)

0 20 40 60 so 100

light parallel receiver) 00 20 ' ' 0 0

-so n

The sensing zone 2 is located at mid sample and is Z -100-

therefore more strained than sensing zone I which is I- o 0200,
0 0n

adjacent. Classical strain gauges were also surface bonded -2s0 02 m

at the middle of each sensing zone. The distance between - o

the two upper loading points is equal to the sensing zone 15.

length. In this way, the local strain values given by the -450

strain gauges are equal to the average strain values given A O7I.CALSHNSoRI 0 STANOAUGEI 0 CAsLWUAT!o

by the optical fibre, apart from a scale factor coming from A OMALUNSOR. 2 0 S-MAINGAUoB 0 CALCUATED/2

the fact that the strain gauge is surface bonded whilst the

optical fibre is embedded between the plies 39 and 40. Figure 2b : The legends are the same as those of figure
2a; the optical fibre is in compression on the

The averaged strain on the two sensing zones obtained upper side of the composite.

through the optical sensor, the local strain given by the

strain gauges as well as the theoretical values, all in micro- To characterize the properties of the sensing system on the

strain (]^"), are given versus load in Figure 2a when the six sensing zones, a stress birefringence YORK Hi-Bi fibre

optical fibre is in extension (the optical fibre is on the bot- possessing six 27 cm long sensing zones was bonded on

torn side of the composite). Figure 2b represents the same the upper surface of a 1.81 m long carbon/epoxy

results when the optical fibre is in compression (the optical cantilever. Sensing zone 1 began at the fixed edge of the
fibre was this time on the upper side).It can be seen from cantilever whilst sensing zone 6 ended close to its free
both figures that the agreement between all these values is edge. Therefore, when loaded, the strain level on each
excellent which means that the optical fibre sensor gives, sensing zone decreases from sensing zone 1 to sensing
in parallel on the two sensing zones, linear and accurate in- zone 6.
formations. This is ame for the optical fibre being either in

extesio orin cmprssin. N hytersis as bseved This cantilever was suddenly loaded by its own weight byextension or in com pression. N o hysteresis w as observed re o i g ts up rt a th f ee d e s d .T e o cl ain
for both cuses, the loading and unloading curves being th removing its support at the free edge side. The oscillating
same. Three point bending tests yielded equivalent reseits, phases of all sensing zones were measured in parallel fromthe loading start until the damping was finished. The



12-3

resulting AC traces of the analog output proportional to the Figure 4 shows the measured peak to peak elongation va-
phases on sensing zones 3 to 6, obtained with a 4-channel lues at the beginning of the loading, for each sensing zone,

parallel tracer, are represented versus time in Figure 3. normalized to the one of sensing zone 1 (although 0-271
phase transitions were present on sensing zone 1 and 2 the

peak to peak phase excursions were easily extracted). The-
se values are compared to the theoretical curve calculated

for the case of a cantilever loaded by its own weight (6]. It
is seen that a good agreement is obtained.

a. CONLUSION
We have reported results obtained on static and dynamic

mw .. strain measurement in carbon/epoxy composite with either

0 *i embedded or bonded white light quasi distributed polari-
metric senseo. It was shown that linear and accurate mea-
surements were obtained. To our knowledge, this is the

first time that white light quasi- distributed polarimetric
sensing allows a real time parallel measurement of static

strain on two sensing zones of an embedded optical fibre
and of dynamic strain on six sensing zones of a surface
bonded optical fibre.
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ABSTRACT fluids, pi6zoelectric ceramics, mag-
netorestrictive materials and shape

Shape memory materials form one group memory alloys (SMA) (1). A number of
of "smart materials" which are of SMA, have been developed during the
current interest. The sensing and ac- last 20 years of which at present the
tuating performance of these shape Cu-Zn-Al, Cu-Ni-Al and Ni-Ti alloys
memory materials have been used Li have been commercialized for a varie-
diverse industrial applications. 'he- ty of applications in both the medi-
se applications involve either the cal and engineering fields (2, 3, 9).
one-way or two-way effect, pseudoe It is just in recent years, though
lasticity, recovery forces or damping that the application of SMA-elements,
characteristics of the SM-alloy. Each and other smart materials, in large
of these characteristics is associa- composite structures where they can
ted with its unique response to ther- act as active control or load bearing
mal-mechanical forces. Besides these elements (4), has generated interest.
material parameters, the operating Thus in the space industry SMAs are
conditions and design parameters have used in release mechanisms, antenna
to be taken into account when struc- deployment, damping of vibrations
tures, in which SM elements are in- during launching and space-grippers.
corporated, are to be considered. The In composite materials for aircraft
processing as well as subsequent ope- or space structures they can be used
rating conditions are relevant to the for active strain energy tuning, ac-
reproducible (stable) behaviour and tive modal modification or in biased
life time of the material and are actuators. Shape memory actuators are
discussed, used where high forces and large

strains are required at relatively
1. INTRODUCTION low frequencies whereas piezoelectric

actuators are used where small
Smart materials have been defined as strains at high frequencies have to
those which have the ability to sense be obtained.
and respond in a controlled manner to These structural elements have been
external or internal stimulus. As actively researched in the USA and
component parts these materials can Japan for four years already while in
be built into the (smart) structure Europe the response is only recent
where they can sense the state of the with the first coordinated effort
structure or the environment in which leading to the 1992 conference in
it is operating or effect a change in Glasgow (5, 6)
stiffness, shape, positions or stres- Constitutive equations have been de-
ses in the structure through the ad- veloped for these shape memory al-
dition of an actuator control loop or loys, which would help a designer in
even make the structure capable of designing an actuator involving a
adaptive learning by adding a control shape memory element. While this is
system to interpret the sensor data the first step, very often fine tu-
and react appropriately. Depending on ning of the responses are required in
how many of the above characteristics the structure. The constitutive equa-
the material possesses it can be tions can again be of help here, pro-
classified as passive, reactive or viding the shape memory element beha-
intelligent (1). yes well and reproducibly. But the
Several materials can be considered complex stress-strain-temperature-
as smart, like electrorheological time relations of the shape memory
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alloy can sometimes alter, during In addition, in the specific case of
processing to incorporate the alloy Ni-Ti alloys another transformation
into a structure or during service, called R-phase transformation prece-
their physical property and transfor- des the martensitic transformation on
mation characteristics. It is felt cooling. This additional transforma-
that a designer would be better equi- tion also has martensitic characte-
pped if he/she were aware of these ristics and shape memory effect
possible changes so that appropriate "though the transformation hysteresis
measures can be taken a priori for a is very small (1.5*C), as is also the
reproducible shape memory behaviour shape change.
in service. The objective of this
paper is to address these issues. If the material is deformed at con-

stant temperature above Af the presen-
ce of stress will induce martensite

2. SHAPE MEMORY ALLOY CHARACTERISTICS which reverts to austenite on unloa-
ding, thereby recovering its original

Shape memory is observed in alloys shape. This proces is termed pseudoe-
which exhibit a diffusionless-shear lasticy and can occur up to a certain
or martensitic transformation. Besi- temperature beyond which no martensi-
des being diffusionless, the trans- te can be formed by the application
formation is also athermal in charac- of stress (MD temperature).
ter, implying that the amount of vo-
lume transformed is dependent only on If the material is restrained from
the temperature and is independent of regaining its original shape high
time at that temperature. The trans- recovery stresses, as much as 700
formation is characterized by the MPa, can be generated at maximum re-
temperatures H, (martensite start) Hf coverable strain. This compares to
(martensite finish), A. (austenite the yield strength of martensite that
start) and Af (austenite finish). The is typically 80 HPa. Upon transforma-
change in crystal structure is accom- tion to austenite the Youngs modulus
panied by a volume change and a shape increases by a factor of 4 and the
change. The difference in crystal yield strength by a factor of 10.
symmetry between austenite and mar- These changes in property are also
tensite causes more than one marten- reversible. The change in stiffness
site variant to form within a single influences the damping characteris-
austenite grain or crystal. The shape tics of SMA dramatically.
change also leads to accommodation
strains in the matrix. The minimiza- Thermal cycling a shape memory alloy
tion of these accommodation strains, under an applied stress leads to a
influenced by the presence and direc- two-way memory. After a number of
tion of stress, is reflected in the cycles a reversible H - - A macrosco-
shape memory effect which manifests pic shape change will be established
itself in the following way: Plastic during subsequent thermal cycling
deformation of the martensite and under zero stress. This is known as
subsequent heating to above the Af thermo mechanical two-way memory tra-
temperature will restore the original ining. For the development of the
shape of the alloy. (one-way SHE.) two-way memory in NiTi it is essenti-
Plastic strains up to 8% can be reco- al that the R-phase transformation
vered in this way in a typical SMA mentioned earlier is absent. The two-
such as NiTi when the martensite re- way memory behaviour is dependent on
verts to autenite. In majority of the internal stresses and the dislocation
SM alloys there is also an equilibri- substructure resulting from training.
um between chemical energy and mecha- This is not only true for the two-way
nical energy at any moment during the memory but is valid for all proper-
transformation. The transformation is ties mentioned and, therefore, one
then referred to as thermoelastic. should take care when the material
Nevertheless frictional forces felt behaviour is described by constituti-
by the moving transformation interfa- ve equations. Some specific aspects
ces cause a hysteresis (H) which is will be addressed and discussed in
generally small in thermoolastic the following pages.
transformation (fig. 1).
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3. SMA-CHARACTERIZATION The transformation temperatures for a
given SM-alloy can be influenced by

In recent years several approaches several factors.
have been taken to develop constitu- Compositional changes such as increa-
tive equations describing the shape sing Ni concentration from 50 to 52
memory behaviour of SN-materials (4,- at Z in NiTi will dramatically change
7). Schetky (7) has recently quoted the transformation temperatures from
from literature an equation following 60 0 C down to -100 0 C whereas alloying
a free energy minimization method, with Zr, Au, Pt can raise them to
for a one-dimensional model (4). 6000 C. The hysteresis can also be in-

fluenced by compositional changes.
(o-a 0)-D(•-e 0 )+O(T-T 0 )4O(•-o) (1) Cu additions narrow down the hystere-

sis from 30 to 15*C whereas Nb additi-
where zero subscript refers to the ons widen it to approximately 80*C
initial condition, a is the stress, e when no external stress is applied.
is the strain, r is fraction of mar- Soft second phase Nb particles deform
tensite, depending on the direction irreversibly in contrast to the re-
of the transformation and T is the versible nature of the martensite
actual temperature. The constants D, deformation from twin boundary moti-
e and 0 are the Youngs modulus, the on. This irreversible slip deforma-
thermoelastic tensor and the trans- tion expands the hysteresis of NiTiNb
formation tensor. In this particular to as much as 1200 C. The amount, size
case the fraction of martensite and morphology of the particles will
transformed at the actual temperature also influence the rate at which the
T is assumed to be a cosine function transformation takes place (the slope
of (T-A,/A,-Af) for martensite to aus- is (N,-Nf) in figure 1). Besides in Cu
tenite transformation and (T-Nf/N,-Nf) base alloys a shift of A, relative to
where MN, M,, A,, Af are the specific N can be effected for one time due to
transformation temperatures. The va- aging and diffusion which also leads
lues of all the terms in the above to a stabilization of the martensite.
equation can be determined experimen- Once recovery is complete martensite
tally. can be reformed after which A. is res-
The transformation temperatures can tored to the original value, provided
be determined by electrical resisti- further aging in martensite is avoi-
vity, dilatometry or differential ded.
thermal analysis (DSC). The informa-
tion obtained from these measurements Thermo mechanical processing of the
is given in figure 1. alloys generally lowers the transfor-

mation temperatures when plastic de-

10-50K formation by cold working is incre-
ased and subsequent heat treatment
temperature is decreased. Figure 2

Mf As illustrates the effect of heat treat-
ment after cold deformation in a bi-
nary NiTi-alloy. Annealing at increa-
sing temperatures up to the recrys-
tallization temperature (6000C) will
gradually reduce and annihilate the
dislocation substructure, thereby

Af restoring the transformation tempera-
O tures to the original level.

The influence of stress during tempe-
rature cycling (amplitude) is to rai-

Tempratuwe se the transformation temperatures
some 20-500C. The redistribution of

Fig. 1. Schematic representation of dislocations allows preferred marten-
the volume transformed to site variants to form easily which
smartensite as a function of will enhance the relative stability
temperature. Transformation of the martensite with respect to
temperatures M,, Mt, A,, Af, autenite. Special types of dislocati-
are indicated (2). one, dictated by the applied stress,
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are formed additionally during strata the above mentioned stress
cycling causing the changes in N and dependence of the transformation tem-
A temperatures. perature.

.... .... - - .- 51C,

D 5040

- -- -- - -
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Fig. 3. Stress-strain-temperature re
Fig. 2 Effect of heat treatment and lationship of a TiNi alloy

cold work on the forward (M) (3)
and reverse (A) transformati- a) stress-strain curves below
on temperatures (7). Mr, above Af and above Md, are

shown
At the same time the hysteresis is b) loading/unloading plateau
reduced as a function of stress at stresses of binary and a ter-
full transformation amplitudes. Par- nary NiTi-alloy.
tial transformation results in even
smaller hysteresis.
Besides these factors, mechanical The Youngs modulus D in equation 1 of
interface joint effects will also the fully austenitic (r-O) and fully
have to be considered when the SM martensitic (r-1) conditions can be
material is used as an actuator determined from the fully austenic
element. The mechanical friction of and fully martensitic stress-strain
the system will then enhance the hys- curves. Thus o-DA. i and o-Dm. E.
teresis of the SMA. An increment of Modulus changes in NiTi by a factor
cooling is thus needed before the of 4 in going from martensite to aus-

actuator can generate enough force to. tenits. Dynamic modulus measurements
overcome the frictional forces in the as shown in figure 5 illustrate that
system. a pronounced modulus decrease in aus-

teniet on cooling occurs before Hit.
The stress-strain curves at constant

temperatures in figures 3 and 4 illu-
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Another complication concerning mo- I
dulus is the slope of the loading and
unloading lines in the stress-strain
curves which are not the same. In
deformed martensite the unloading
line has a non-linear behaviour. For

so 8- -- strains exceeding 8% the dislocations

* - M introduced can act as pinning points
r Mf for martensite twin boundaries. When"a 60- Ms

- -0 - - - .s the external stress is removed the
E -E Af dislocations move back to new equi-

S4librium positions and take the twin
boundaries with them giving more un-

loading strain than normal alloys.
20 o 0The unloading strain is dependent on

o 100 200 300 oo the amount of total deformation
Stress (MPa) strain. Above K, on cooling the trans-

formation temperature depends linear-
ly on stress given by the Clausius-
Clapeyron relation

Fig. 4. Dependence of transformation
temperatures on stress of a 01 A
NiTiCu alloy (3). ,

E. 100

90 where AH is the transformational la-
tent heat and to the transformation

so0 strain resolved in the direction of
S70 the applied stress. The martensite is

o induced by the applied stress and

V) 60 1- disappears on unloading at constant
5 0 temperature. The stress rate, aMa/o,

of NiTi can vary significantly from
one alloy to the other. Values from
2.5 MPa/*C to 15 MPa/°C are observed.
In general, lower transformation tem-
peratures have lower stress rates due

f07 ' to lower latent heat of
transformation; higher strength al-
loys show generally higher stress

,S rates (figure 3b).
The recovery strain limit, eL, can be

C a b determined by tensile testing at T<A,.
The limit strain of the plateau where

. r-1, is the maximum strain that can

be recovered on heating after unloa-

10• ding the specimen. The transformation
tensor t)-N. CL when C-l.
During loading the martensite will
detwin and due to the low symmetry of
the martensite lattice a deformation

WO0 20o 300 & 40 anisotropy will be introduced. In
TEMPERATURE (KW - polycrystalline material this aniso-

tropy is obtained by the development

of texture during fabrication. The-
Fig. 5. Young's modulus and internal refore, IL is dependent on the orien-

friction Q-I on cooling for tation of the texture relative to the
a) binary NITI, applied stress. In cold rolled NiTi
b) NiTICu and sheet, eL in the rolling direction can
c) NiTiFo (3) be 86 whereas in the transverse di-

rection CL is only 31.
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vacancies.
The thermoelastic tensor e in equati- The resulting internal friction cau-
on 1 is determined by the restrained ses a high damping, which is tempe-
recovery test on heating above the rature and stress dependent as indi-
A,(o) temperature (o is in stress free cated by the loss-factor Q- 1 in figure
condition). 7 and figure 5.

e - a/(A,(o)-T).

20 Q " 103

SMAs are particularly used in cons-
trained recovery applications such as
fasteners but also when used in com- 1,96MPa
posite elements the recovery stress
depends on the compliance of the com-
posite, figure 6. 23.79MPa

10- 39.65MPa

600

500

2400

S\300 0 I

00200 300
Te0mperatur [K]

100
\ Fig. 7. Damping of NiTi as a function

0 1 2 3 4 5 6 7 8 9 10 of temperature and variation
Strain %) of preload. (9)

Fig. 6. Restrained recovery of an em The amplitude of the load cycle chan-
bedded NiTi-alloy. Lower com- ges the damping capacity of the SMA.
pliance of the matrix leads A high preload will reduce the number
to lower recovery stresses, of mobile interfaces due to the for-
(3) mation of preferred martensite vari-

ants, thereby reducing the damping.
In an actual situation, the recovery
stress decreases relative to a rigid The internal structure responsible
matrix with au - E'AaAT where AE' for the damping can be influenced by
is the system compliance which the change in composition and thermo-
accounts for the compliance of both mechanical treatments, thus giving
the matrix and the SMA. Aa takes into the means for optimization of the
account the difference in thermal damping characteristics of the mate-
expansion coefficient of the matrix rial.
and SMA. Finally, the recovery stress
is also altered by the amount of to- The use of SMA reinforced composites
tal strain and the unresolved recove- are now being investigated for active
ry. The recovery stress decreases as modal modification or active strain
the total strain is increased, while energy tuning techniques. In these
the unresolved recovery is constant, cases additional problems arise which

are even more important under these
Damping in SMA-materials is caused by circumstances than in the case of
the high concentration of twin boun- sensors or actuating elements. Over-
darnes, martensite-martensite inter- heating the SMA element during the
faces and martensite-austenite inter- fabrication of the composite can
faces depending on the temperature. change the microstructure of the ma-
These interfaces show a high mobility terial previously optimized for its
after an appropriate thermomechanical properties.
treatment. The moving interfaces un-
der cyclic loading leads to the in- The dimensional stability of the SM
teraction of interfaces with disloca- element is important to assure long
tions and other lattice defects like life time of the composite. Creep
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as a result of thermal cycling under
stress is an indication of instabili-
ty and will increase with increasing 1. NewnhaE, R.E. and Ruschau, G.R.,

number of cycles. Little is known "Smart Electroceramics". J. Am.

about the effects of uneven variati- Ceram. Soc. 74 3 (1991( pp. 463-

ons in the cycling where the heating 480.
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red properties with time. neering Aspects of Shape memory
In composite structures, interfacial alloys", Butterworth-Heinemann,
problems between SMA and the matrix 1990, (ISBN 0-750-61009-3).
need additional attention as well as 4. Rogers, C.A., "Smart Materials,
the heat transfer from the SMA to its Structures and Mathematical issu-
surroundings during cooling. This es", Technomics, Basel, 1989
response determines the cycling fre- (ISBN 87762-682-0).
quency range where the SEA can opera- 5. "The concept of Intelligent Mate-
te. In composite structures joining rials and guidelines for their
and connecting dissimilar elements R&D promotion". Japanese Science
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are reproducible with time-temperatu- tal Aspects and Applications",
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in the microstructure or defects in Anwendungen, DGM, 1986 (ISBN 3-
the material. Improvements to the 88355-096-5).
material behaviour and the models can
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res are taken. This approach is par-
ticularly important if fine tuning of
the material response by controlled
changes in composition and micro-
structure are to be brought about.
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Smart Polymeric System for Electromechanical Transduction

D. De Rossi
Kayo Umezawa

Centro "E.Piaggio", Faculty of Engineering
University of Pisa,

via Diotisalvi 2,56126 Pisa, Italy.

SUMMARY (ECM) phenomena exploited in actuator drive. The most
relevant effects caused by electric fields on

In this paper we briefly review the various mechanisms polyelectrolytes (in solution or as swollen networks) are:
eliciting electromechanical response, in polymer gels a. orientation of dipolar species;
and conducting polymers, which have been exploited to b. deformation of polarizable species and orientation of
eventually develop electrically driven gel actuators. We induced dipoles;
also indicate a few approaches we have undertaken to c. influence on the degree of dissociation of weak acids
eventually obtain electrochemomechanical system with and bases (Wien effects);
better performance. d. motion and redistribution of mobile charged species;

e. electrochemical reaction at interfaces.
S.These effects may be associated to various modifications

and structural readjustments at a molecular level that, in
h chain end-to-end distance a crosslinked gel, manifest themselves at a macroscopic
e electron charge level owing to existing intermolecular bridges.
k Boltzman constant The estimation of the orders of magnitude, although
T temperature -k under simplistic assumptions, may provide very useful
do permanent dipole moment of chain comparative evaluation of ECM working mechanism.
e dielectric constant These calculations have been performed (ref.4) and can
eo vacuum dielectric constant be applied, as a first approximation, to ionized
a chain polarizability polyacrylamide, poly(acrylic acid)-poly(vinyl alcohol)
K dissociation constant (PAA-PVA) mixtures and others, currently utilized to
E electric field develop polymeric actuators (ref.3).

1 IwmQoflQi Table 1:

The development of polymeric "muscle like" actuators, I Effect I V Deedcnce I'E(forl%change~l
as they are perceived today, relies upon the observation I a. IA h/h=Em1/2o/kT 1 1)3Vcm- I
that changes in conformation and equilibrium length of I b 2./Vcma kT _j__104 N m.. I
constituent macromolecules, induced by I...I3EL u8 i~lk _..1/Vcm I
physicochemical stimuli, can manifest themselves at
macroscopic level in terms of volume and shape changes
or force generation in solvent-swollen polymer networks.
Starting from the early fifty's water swollen In table I orders of magnitude of the electric field on a
polyelectrolyte gels have been largely investigated as polyeletrlyte chain are reported with reference to
mechanochemical (or, using today terminology, effects of class a.,b.,c., above. From this consideration it
chemomechanical (ref. 1)) energy converters (ref.2). appears that significant structiural modification caused
Only recently, however, has their potential usefulness as by effects of classes a.,b.,c., can be excluded for electric
electrically driven actuators been fully realized and field intensity lower than 102 -103 V/cm. Electric fields
substantial research efforts devoted to their as low as 10 V/cm have been shown, however, to induce
imuplementation (ref.3). large shape and volume changes in polyelectrolyte gels.

In these cases electrokinetic and electrodic effects are2 m ,r~wa• • os oL~iaw c•_qdominant.

To decrite in detail electric field effects on
macromolecules is beyond the scope of this paper. Only t
few nrpments of general nature on the subject are'repored here in order to provide a frame for classifying
and elucidating electrochemomechanical
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ECM transduction in crosslinked collagen has been 4 1iQio
induced and the response analyzed in terms of
electrokinetic coupling (ref.5). To design and construct truly viable polymeric "muscle-
Modulating the spatial profiles of neutral salt by electric like" actuators several requirements that are often in
forces causes reversible expansion and contraction in conflict with one another should be fulfilled. High force
non isoelectric, crosslinked collagen membranes; a density (>0.1MPa), fast response time (<100 ins) and
phenomenon attributed to changes in Debye length and, high efficiency in energy conversion (biological muscle
hence, in lateral repulsion forces between ionized can attain conversion efficiency as high as 45-70%), are
collagen fibrils (ref.6). actuator characteristics that are thought to be necessiry
Contraction, and even phase transition, in partially to achieve (ref.3). At present, no electrically driven gel
hydrolyzed polyacrylamide gel in contact with platinum actuators combine all these specifications together.
electrodes (under a DC potential difference of a few Conducting polymers (in gel or bulk form) can
volts) has been observed and the effect ascribed to potentially generate force density as high as 100 MPa
electrophoretic pressure gradients inducing gel (ref. 17), but, using present technology, at a relatively
deswelling (ref.7). slow contraction rate. This class of polymeric actuators,
Similar effects have been reported by Osada and Hasebe however, is presently being actively investigated
(ref.8) using a water swollen poly(2-acrylamido-2- (ref.18).
methyl-1-propanesulfonic acid). The sample's weight To date no experimental evidence related to the
was reduced by 30% because of loss of water when a DC feasibility of electrically triggered, chemically fueled
electric current density of 7 A/m 2 flowed across the ECM coupling has been reported. Such a system would
sample for 20 minutes. more closely mimic biological mechanism and would
The generation of tensile forces in crosslinked possibly improve the efficiency and power input capacity
membranes made of PAA-PVA has been related to of ihe system. Advances in understanding and operating
changes in ionization state of the membrane induced by electric control of enzyme activity (ref. 19) may provide
electrochemically generated pH and salt concentration in the future a way of efficiently coupling electric
changes at the electrode(ref.9). control with chemomechanical system (ref. 18).
To speed up the process of ECM coupling,
electrohydrodynamic control of ion flux across a tubular 5 RE£RBENc
membrane made of ionizable hydrogels separating acid
and basic bath has also been used (ref. 10). 1)Osada Y., Adv. Polym. Sci., 87, 1987, pp 1-46.
In addition, alternate bending of ionized gel samples 2)Katchalsky A., Lifson S., Michaeli T. and Zwick H.,
immersed in the aqueous salt solution under an "Size and shape changes of contractile polymers",
alternating electric field has been reported and analyzed Wasserman A. (Ed.), Pergamon press, New York,
(re. 11). 1960.
Shinohara and Aizawa (ref.12) used PPy coated platinum 3)De Rossi D., Suzuki M., Osada Y. and Morasso P. in
electrode to modulate the pH of the nearby solution and press on J. Intell. Mat. Syst. Structures.
observed reversible aggregation and dissolution of 4)Neumann E., In," Ions in macromolecular and
microsphere made of a polymethacrylic acid (PMAA) biological system", Everett D.M. and Vincent B.
Ca++ chelate gel. (Eds.), University Park press, Baltimore, 1978.
Chiarelli et al. (ref.13) prepared a polyelectrolyte gel 5)Grodzinsky A. J. and Melcher J.R., IEEE Trans.
made of PAA-PVA interpenetrated by PPy through a Biomed. Eng. BME, 23, 1976, pp 421-433.
gas-phase process and demonstrated that the composite 6)Yannas LV. and Grodzinsky A.J., J. Mechanochem.
material manifests both chemomechanical and Cell Motility, 2, 1973, pp 113-120.
electrochemomechanical responses. 7)Tanaka T. Nishio I., Shao-Tang S. and Ueno-Nishio S.,
Poly(acrylamide-allylamine) and poly(acrylamide- Science, 218, 1982, pp 467-470.
acrylic acid) gels contained some redox compounds 8) Osada Y. and Hasebe M., Chem. Lett., 1985, pp 1285-
(viologen and hydroquinone) have been ionized through 1288.
electron charge transfer with a metal electrode (ref. 14). 9)De Rossi D., Chiarelli P., Buzzigoli G., Domenici C.,
Tanaka et al (ref.15) prepared a conducting polymer gel and Lazzeri L., Trans. Am. Soc. Artif. Int. Organs,
made of poly(3-butylthiophene) crosslinked with XXXII, 1986, pp 157-162.
dithiophenyl octane and observed reversible swelling- 10)Suzuki M., Proc. 9th Int. Conf. IEEE-EMBS,
contraction behavior by reversible electrochemical Philadelphia, Nov., 1990, pp 1-4.
doping by Bu 4 NCIO4 dissolved in THP. 1 )Shiga T., Karauchi T., J. Appl. Polym. Sci. 39, 1990,
Osada et al (ref.16) prepared a charge-transfer complex pp 2305-2320.
gel made of poly(N,Ndimethylaminopropylacrylamide) 12)Shinohara H. and Aizawa M., Kobunshi Ronbunshu,
and TCNQ and observed 4 fold faster contraction speed 46,11, 1989, pp 703-708.
and 8 fold increase in work efficiency compared to 13)Chiareili P., Umezawa K. and De Rossi., In "polymer
conventional hydrogels. gels: fundamental and biomedical applications", De
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Adaptive Structure Design Employing Shape Memory Actuators

Mohan S. Misra, Bernie Carpenter, Brian Maclean
Martin Marietta Astronautics

Denver, Colorado 80127

ABSTRACT degrees of freedom. "Adaptive" structures
have the ability to sense their own response to

Shape memory alloy wire "tendons" can be environmental and operational stimuli and
used as embedded actuator elements to control modify that response in such a way as to
the level of facesheet strain in adaptive optimize structural performance.
structural components which utilize sandwich
panel construction. As facesheet strain is Amongst a growing family of "adaptive
varied, the degree of curvature and magnitude materials," including piezoceramics,
of tip deflection of a panel section can be electrostrictors, electro-rheological fluids,
controlled. Methods for modeling and paraffin wax, etc., are shape memory alloys
conditioning shape memory materials and (SMA), which utilize a reversible crystalline
their subsequent integration into composite phase transformation to recover their
structures are described along with related originally trained shape when heated above a
control system and feedback sensor critical transformation temperature range
development. Finally, an adaptive antenna (recoverable strain can be as high as 8%).
application employing "flex-biased" actuation
and an attitude control surface based on The primary intent of this paper is to describe
"antagonistic" actuation are described. design approaches for adaptive structures,

shape memory alloys, composite structure
1.0 INTRODUCTION design and control systems development.

Two applications on adaptive antennas and a
The performance capabilities of aerospace control surface are also described based on
systems such as control surfaces and adaptive this design approach.
antennas can be greatly enhanced by
incorporating advanced structures and 2.0 SHAPE MEMORY MATERIAL
material technology into future designs. CHARACTERIZATION
While significant improvements have been
demonstrated using passive design approaches SMAs exhibit an interdependent force-length-
which incorporate efficient airfoil geometries, temperature (FLT) response to operational
or low CTE composite materials, acceptable cycling with significant property instability
responses might be restricted to narrow early in the life of the actuator element. These
operational environments. Innovative characteristics can be accounted for by
concepts are required to expand this effective analytic modeling and physical
environment while providing controllable conditioning. This is not only critical for



15-2

exploiting the shape memory effect for the cycling on the nucleation and growth of
conversion of heat to mechanical work but martensitic plates within the parent grains.
also to optimize actuator performance in Accelerated isothermal "conditioning" [2] of
specific structural applications with associated SMA actuator elements can be used to reduce
control algorithms. hysteresis and stabilize material property drift,

without impacting fatigue life, before NET
Analytic Modeling -- Insight into behavior of property characterization and actuator
shape memory alloys can be gained by installation.
understanding that the existence of each phase _0_

in an SMA is dependent upon the combination W CY,,

of free energy available from temperature, 1 ,
stress, and strain. This has lead to the 7 1 "m "9

development of a method for predicting the
FLT response of SMAs referred to as Non- 50

Equilibrium Thermostatics (NET) which
describes the work and heat flow, and the
thermodynamic paths of a shape memory
actuator element. [1] I ne s I

0- , ITa

NET theory can be used to develop a set of o 2 3 4
Strain (%)design equations for the actuator elements and

coupled to the finite element model of the host Figure I Cyclic Stability of NITiCu as A Function of
structure to provide the necessary mechanical Transformation Cycle
transductance for the level of shape adaptivity
needed in the application. Optimization of

Sactuator placement and density is determined Fatigue Response -- Representative cycle to
by incorporation of NET into finite element failure data, as a function of transformation
model(s) of the structure to meet stress, strain, strain, is presented in Figure 2. Life spans of
and fatigue and bandwidth requirements. 4000 cycles can be expected at 8% strain,

increasing by two orders of magnitude at 3%
Conditioning -- SMAs demonstrate a pseudo- strain. Operational fatigue life is used to
elastic effect (at a temperature above an establish the allowable operational strain of
alloy's characteristic austenitic finish the actuator elements.
temperature) in which the martensitic phase
can be stress induced from otherwise stable 3.0 ADAPTIVE STRUCTURE DESIGN
austenite. At zero force the wire is fully
austenitic with martensite forming as the wire SMA wire "tendons" can be used as
is stretched. Hysteresis is observed during embedded actuator elements to control the
unloading as the austenitic phase is recovered, level of facesheet strain in adaptive structures
This behavior, shown in Figure 1, illustrates which utilize sandwich panel construction.
the cycling instability of as-annealed SMA As facesheet strain is varied, the degree of
wire. Hysteresis is reduced on a semi-log curvature and magnitude of tip deflection can
basis with increasing number of be controlled. This is demonstrated in Figure
transformation cycles. This reduction has 3 in terms of a finite element model used to
been noted as the effect of transformational analyze this approach on a representative
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1.0 was subsequently fabricated to demonstrate

Lent SquaresFit this concept, as seen in Figure 4. This
e/.029N-." particular design utilizes a 0.125" thick

0.1 -fiberglass epoxy laminate on the underside
bonded to an aluminum honeycomb core
using epoxy film adhesive. The tip and root

2 Dom Source: sections of the honeycomb were core-filled,
x Meotin wrd Merder

10 (o Fc prior to bonding, to provide additional bond
0 Cory (No Failure)
A Banks (No Felur,) area at these locations. The top facesheet was

163 + ; ; 0 + fabricated by first producing 0.038" thick
Cycle to films of GE Plastics' LoModm, an
Cycle, to Failure elastomeric thermoplastic material with elastic

Figure 2 Strain Dependence of Fatigue Lifefor NITI modulus of 30 ksi and elastic limit of >30%.
Shape Memory Alloys The sheet was subsequently bonded to the

upper side of the honeycomb core using a
silicone rubber-based adhesive. Pre-

I=21111-conditioned SMA wires were incorporated in
the facesheet. Electrical circuit plates were
then fabricated to create three parallel circuits
of four wire lengths each to produce a
favorable electrical resistance of 2.20. (At 12
volts the wire circuit draws 5.5 amps,
producing approximately 66 watts of heating

4% Lower Facesheet Strain power.)
(Chord / Thickness- 12:1)

Figure 3 Wing Section of Deformation as a Function -- ----------

of Lower Facesheet Strain Shape

Memory Upper Facesheet
Wires Memory Wires

airfoil section (chord to thickness ratio of 12). Embedded in LOMoD

Tip deflection of 40% cord is predicted for Matrix)

4% facesheet strain. The relationship between I{ III III J.JI I II IJJV TJ T mm
facesheet strain and tip deflection is nearly o HoneyWomb

linear and strictly a function of the chord-to- Corefill LerH oney
Facesheet cr

thickness ratio. Selection of that ratio is (Glass/Epoxy)

driven primarily by the required life span of
the adaptive structure and associated fatigue
limitations of the SMA actuators. Figure 4 Shape Memory Actuated Wing Section

Winglet Demonstration -- Shape memory
alloys are of great interest as an embeddable Another important point to be made regarding

actuator material for high strain-compliancy the design of the winglet is its ability to

structures because of their ability to operate at balance externally applied loads. With 12

high stress and strain. A 1" wide by 12" long each 0.020" diameter wires contracting with a

winglet wedge section, 1" thick at the root, potential of 65 ksi operational recovery stress
(= 245 lbs total contraction force potential),
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against a facesheet stiffness of 150 lbs/in, 4% 4.0 CONTROL SYSTEM
wire recovery corresponds to only 72 lbs of DEVELOPMENT
wire tension. This leaves a wire operating
margin of 173 lbs. That means that with a The control of deformable panel structures
lever arm of 12:1, the 1.0" wide winglet is can be accomplished using a closed-loop,
capable of lifting almost 15 lbs at its tip. displacement sensor feedback approach. A
However, to generate a "balanced" or proportional/integral/differential (PID) [3]
symmetric force response for externally control law provides the ability to supply
applied load, i.e. establish the capability to electrical power to the SMA wires based on a
balance loads equally whether applied from sensed displacement error. As error is
above or below, an "antagonistic" control reduced, the integral term takes over and
approach can be used. Figure 5 compares the accounts for ambient heat losses while the
"flex-biased" approach, developed and differential term controls rate of approach to
described above, with an antagonistic the command set point.
approach where a composite laminate is
located in the middle of the sandwich panel The bandwidth for shape control of an
and active facesheets are bonded to both outer adaptive sandwich panel is dependent on the
surfaces. rate of heat transfer in and out of the SMA

wires. This, in turn, is a function of transient
effects between the facesheet material and the

l ASMA wires, as well as the rate of cooling of
Fully Actuated Position...:>"the facesheet to ambient conditions.

c • Bandwidth improves with enhanced cooling
"Intermediate of the facesheet but enhanced cooling requires

-. 'Position greater power levels to maintain wire

SMA Composite temperature for a given command position.

Conventional Facesheet The demonstration winglet, for example, can
_Composite be cycled through most of its range of motion
Facesheet at about 0.1 Hz in air. This bandwidth

Flex-Biased Actuation response can be improved by a factor of 5 to

ConComposlte 10 by placing the winglet in water or fast-

Compote SMA Composite moving air, albeit with the associated increase
Facesheet#1 in required power to hold any particular

Fabricated position.
Shape and
Power-Off 5.0 ADAPTIVE ANTENNA

APPLICATION
a" -.- SMA Composite

Core '-.., Facesheetr#2 Spacecraft structures with stringent

Antsoonistic Actuation dimensional tolerancing requirements (i.e.
large space antenna systems) will require

F19w' 5 Comlparboxof FkxeBkw anda advanced design approaches to meetAntagerde Aci~awln Appaches performance requirements. For example,

space-based communication antenna dishes
(e.g. 12 GHz range and 2.7 meter diameter)
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are presently fabricated with state-of-the-art
graphite-epoxy facesheets and honeycomb
core but on-orbit thermal loading in
geosynchronous orbit causes periodic 6V

distortion of approx. 0.20 inches peak-to-peak
at the antenna's rim, causing loss of antenna
gain. Multiple feedhorns and frequent
antenna recalibrations are presently being
used to minimize performance loss. 0 E-GLss
Distortion must be limited to < 0.050 inches Po"anate
peak-to-peak to improve performance, r-tmninu

however, if the antenna surface can be Flex-Core®

controlled with rim displacements on the 0.01.8*O.D. Quartz

order of 1.00 inch, the ability to steer and 0.012-1 C OMTubes
Gr/Epoxy 0.010* di. Shapedistribute gain across the beam footprint will Faoeshe/ Memoy Wire

provide substantial additional payoffs over Routing

existing systems for this particular example.

Other significant applications include sub- or
secondary reflectors where the ability to Figure 6 Adaptive Antenna Fabrication Approach
control the surface provides significant
improvements in beam quality during steering 6.0 SUMMARY
or feed switching.

Development of adaptive composite structural
Figure 6 shows the fabrication approach for a components using integrated or embedded
60" diameter adaptive antenna reflector test actuator elements is a relatively new
article presently under development. The technology area. Prior approaches for
structure utilizes conventional processing of a deformation and control of surfaces has been
composite sandwich panel dish (graphite limited to other types of actuation such as
epoxy reflector and quartz/polycyanate back externally attached ferroelectric devices, voice
facesheets). Quartz capillary tubes will be coil actuators, stepper motors, hydraulic
embedded in the back facesheet along actuators, etc. This paper presents an
preferential radial load paths. After approach which utilizes shape memory alloy
consolidation, an isogrid rib pattern will be actuator elements embedded in the
machined to establish transverse compliancy facesheet(s) of a sandwich panel structure to
and to expose capillary tube ends at the nodes minimize system weight and complexity,
of the pattern. The remaining open core while maximizing thermal transfer to the
material will provide some support to the environment for optimized bandwidth
reflector facesheet. Shape memory wires will response. This approach eliminates internal
then be conditioned, laced through the tubes, lever arms, gears and drives, torsion rods,
and secured to anchor strips. The strips will hydraulics, etc. and minimizes electrical,
maintain wire pre-strain and act as busses for hydraulic and/or mechanical interconnects
electrical resistance heating of the shape over baseline counterpart applications.
memory alloy. By activating various System performance payoffs are dependent on
combinations of the SMA wire segments, the a specific application, but in many cases this
surface of the dish can be controlled. type of approach provides enabling



15-6

technology for consideration of first
generation adaptive shape-controlled
structures.
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RECENT DEVELOPMENTS IN PIEZOELECTRIC AND ELECTROSTRICTIVE
SENSORS AND ACTUATORS FOR SMART STRUCTURES

L. Eric Cross
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ABSTRACT Recent advances in the fabrication of
highly perfect thin films of PZr type

Piezoelectricity will be defined compositions on silicon, by both vapour
phenomenologically and discussed and liquid phase techniques provides a new
pictorially to underscore the distinction high force electromechanical power source
between single crystal piezoelectrics and for microelectromechanical (MEMS)
the poled ceramics which form the basis for systems. The current status of the
most practical sensor and actuator evaluation of electromechanical response
systems. The classical Lead zirconate: lead in PZT. PMN:PT and PbSnZr thin films on
titanate (PZT) family is the most widely silicon will be briefly reviewed and possible
used. Recent advances in the understanding applications in MEMS systems discussed.
of the conventional morphotropic phase
boundary (MPB) compositions will be 1.0 PIEZOELECTRIC CERAMICS
discussed with particular emphasis upon
the nature and the control of fatigue at high 1.1 Phenomenologlcal and Pictorial
strain levels. Phase switching Descriptions of Piezoelectricity In
compositions in the lead zirconate Crystals
stannate titanate PZSnT system exhibit The phenomenological master equation
very high switching volume strain, shape which describes the deformations of an
memory and controlled induced insulating crystal subject to both elastic
piezoelectric response. and electric stress takes the form

Electrostrictors in the lead magnesium xij = Sijkl Xkl + dmijEm + MmniJ Em En(. I}
niobate: lead titanate and lead lanthanum
zirconate titanate (PMN:PT and PLZT) where
families form most interesting spin glass
states at lower temperature in which are the components of elastic strain
precise reproducible elastic strain may be Xi the stress components
induced by electric field. In PMN:PT the s1JIj the elastic compliance tensoR
strain is free from aging and other domain Em En are components of electric field
related problems. the thermal expansion is dmij the piezoelectric tensor components
very low and these materials are ideal for Mmnlj the electrostriction tensor in field
very precise actuation. Polarization biased notation
electrostrictors have exceedingly high
induced piezoelectric d33, d31 and dh and the Einstein summation convention is
coefficients and can be used as agile assumed.
transducers in which both the magnitude
and phase of the response is under DC field For crystals in which some components of
control. Both spin glass and phase the dnij tensor are non zero, when Xkl m 0
switching systems can be tuned in the elastic strain is given by
composition to optimize performance at
100K and provide low power "dial-a- xgj = dnl Em (1.2)
displacement" capability.



16-2

which is the equation for the converse distance corresponding to the spontaneous
piezoelectric effects, relating induced strain polarization P3 and the resulting symmetry
directly to the first power of the field, i.e. xlj Is tetragonal 4mm.
changes sign with Em.

If a tensile stress 03 is now applied in the X3
In the thermodynamically equivalent direction(fig. 1. lb). the upper and lower
direct effect oxygen ions pull out the equatorial ions

squash in forcing the Ti4+ farther away
Pm = drnij XIJ (1.3) from the cell center and generating an

enhancement of Ps by AP. Since the
Clearly 1.2 describes the actuating function displacement are very small AP a (73 and
of a piezoelectric. changing shape under the constant of proportionality d33 Iselectric field control Equation 1.3 the positive. i.e. a positive (tensile stress) gives

sensing function, a change in polarization a positive change in AP.
under stress charges the capacitance of the
sensing crystal giving a voltage For a transverse tensile stress al however
proportional to the stress applied. (fig. 1. lc) the equatorial oxygens are pulled

out, the Ti4 + brought back more towards the
If the dmij constants are zero due to center of the cell, giving a negative
symmetry as for example in a centric increment AP 3 so that
crystal, the residual effect is
electrostrictive and at zero stress AP3 = d31 al

xij = Mrmnij Em En. and d3l must be a negative quality.

Now the strain is a quadratic function of Similarly a shear stress 05 (031) leads to a
the applied field. canting of the Ti4 + and a displacement

direction normal to P3 i.e. a APi so that fig.
The thermodynamically converse effect is 7. ld.
now given by

API = dI5r55Tlmn = MmniJ~ Xij
For the point group 4mm clearly the action

i.e. the elastic stress dependence of the of the 4 fold axis makes 2 equivalent to 1 so
dielectric susceptibility, that

Pictorially, the piezoelectric effect is d31 = d32 and d 15 = d24
illustrated by the two dimensional sketches
in fig. 1.1 which models a polar crystal of and the complete piezoelectric tensor takes
the perovskite Lead titanate in its single the form
domain ferroelectric form. To simplify the
description it is assumed that the
polarization resides in the Ti4 + ion as in 0 0 0 0 dI 5 0
BaTiO3 and the lead ion displacements are 0 0 0 dI 5 0 0
neglected. In the base state, the titanium d
ion Is displaced along the 3 directions a 31d31d33 0 0 0
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PIEZOELECTRIC COEFFICIENTS

PbiO
Symmre try Li1Tlfl

Pb~ 0Q rfTA1=lOY

~AP - d

AV~ c1.31  1 P1G= d 05(5

Fig. 1. 1 Graphic illustration of the piezoelectric effects in a single domain single crystal of
Lead titanate Pb71O3.
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1.2 Pieosiectricity in Ceramics tetragonal variant coexist with the 8
In a randomly axed polycrystal ceramic, domain states of the rhombohedral. The
even if the grains are polar or ferroelectric advantage in terms of polability for
as in fig. 1.2 under normal circumstance ceramics near this composition is
the random orientation will cancel out any compared to other perovskite possibilities
anisotropy engendering a macroscopic in fig. 1.5 showing the clear superiority of
center of symmetry which forbids the PZT.
piezoelectricity. For the ferroelectric
ceramic however a new anisotropy can be The maximum polability for compositions
induced since the domain polar vectors can near the MPB is shown clearly in fig. 1.6.
be switched under realizable field. Thus the and the consequent advantage in
poling operation which develops a high piezoelectric constants in fig. 1.7, both
remanent polarization PR in the ceramic is taken from the book by Jaffe Cooke and
essential to destroy the macro center of Jaffe.1

symmetry taking the material into the
texture eymmetry group oo m. 1.3.1 Phenomenology of Piezoelectricity
Theoretically it is quite straightforward to in PZTs
derive the possible PR which may be It is clear from the very high dielectric
induced in a ferroelectric ceramic if all permittivity the Curie point Tc that the
domains of a given type may switch under instability at the paraelectric:ferroelectric
the poling field. In a ferroelectric with only phase transition contributes an intrinsic
2 antipolar domain states, only 180" complance in the dielectric property which
switching would be possible and can be manipulated to great practical

PRmax=0.2 5 Ps In a tetragonal advantage. For BaTi03, it is easy to trace
ferroelectric perovskite there are 6 axial this enhanced compliance as excellent
orientation for the domains and single crystals can be grown and by simple
P Rmax= .83 Ps. and for the rhombohedral poling procedures converted into single
case with 8 body diagonal orientations domain states. Thus the properties of a
PRmax=0.87Ps• Unfortunately the single domain can be measured at any
ability to pole in practical ceramics is more temperature or stress of interest and a full
restricted, so that a high count of available Landau:Ginsburg:Devonshire
orientation states becomes essential. This phenomenology developed which will
is illustrated for BaTiO3 at room minimic the intrinsic properties of BaTiO3
temperature in fig. 1.3 In the single domain domains under any set of electric/elastic
single crystal Ps = 26 gc/cm2 (fig. 1.3a). boundary conditions.2 .3, 4

Even in a very large grain ceramic Pr max .
8 tic/cm2 . fig. 1.3b and in a practical fine (1 In the lead zirconate titanate solid solution
p meter grain) ceramic Pr almost vanishes system however, the situation is
(fig. 1.3c). significantly more complex. Different

composition across the phase field exhibit
1.3 Lead Zirconate Titanate antiferroelectric, oxygen octahedral tilted,

Piezoceramics and simple proper ferroelectric phases. An
The uniquely advantageous feature of the even more Important constraint is that In
Lead zirconate Lead titanate ferroelectric spite of almost 30 years of continuous effort
(phase diagram fig. 1.4) is the almost there are still no reputable single crystals
vertical phase boundary near the 50:50 available with compositions near to the
Zr/TI composition, the so called critical 50/50 Zr/Ti ratio of the MPB and
morphotropic phase boundary which thus no direct measurements of single
separates a tetragonal and a rhombohedral domain properties. Only compositions
ferroelectric phases. All close to pure PbZrO3 and pure PbTIO3 have
ferroelectric:ferroelectric phase been grown with adequate quality and for
transitions are first order so that the other compositions it is necessary to use
boundary encompasses a finite two phase indirect methods to deduce the
region where the 6 domain states of the thermodynamic constants.
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Over some 10 years the ferroelectric group polarization PA and PB in the form
at Penn State has dedicated a continuing
effort to formulating an adequate P = PA+ PB (1.4)
phenomenology. Faculty and students
involved have Included B. Gadger, A. Amin, P = PA- PB (1.5)
H. McKinstry. T. Halemane, M. Haun. G.
Rossetti and L E. Cross and their work Is Thus when PA = +PB P * 0 and represents
documented In a sequence of the effective ferroelectric polarization, and
paper5.S, 7 .8'9.l0I, 2 .l 3 p apersapers 9-13 when PA = -PB p * 0 and represents the
provide an excellent summary of the pure magnitude of the antipolarization in the
PZT work antiferroelectric phase. Polarization and

antipolarization have the axial
In developing the "master equation" for the components PIP2P3 and P1P2P3
free energy in terms of the extensive respectively. The oxygen octahedra have
variables, it is necessary to start with a two tilt angle 0 with components about the axial
sub lattice model to encompass the direction 010203. Elastic stress and strain
antiferroelectric states, however, since are designated XUj xij. The full family of
these are confined to compositions very coupling variables are delineated in table
close to Lead zirconate it is advantageous to 7.1 and the resulting equation for the Free
use linear combination of the sub lattice Energy In 1.6.

Pol I r

II

Fig. 1.2 Two dimension schematic of the polarization vectors in unpoled and In poled Mr. In
(a) the symmetry is -,which is centrics and forbids piezoelectricity. In (b) the
symmetry is - mm which is non centric (polar) and permits piezoelectricity.

U
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Fig. 1.3 Contrasting polarization hysteresis In (a) single crystal ; (b) ceramic polycrystal:
(c) fine grain ceramic BaTiO3 samples.
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POSSIBLE OIUCITATION STATES IN PEROYSMITES

TITRAGOA• 4,LI (BATIO3 :CATO 3 1
4 POLUAIZATION ALONG " 33- 033 O48

6 ,EUIvALENT '1001 P1 . 8V.Cr.2

P3ZR0 3:PITt003  ONTHORHMOIC iM2 (IGIuO 3 :ItA,",n03)
K33 -- 0.75 ,., . POLARIZATION ALONG K 133 , 0.65
pit - 44/CR2 NO 12 EQUIVALENT 41103 P1 • 20'nuc/ 2

fr EORNwEDRAL 3N
POLARIZATION ALONG
8 EQUIVALENT '1•'

Fig. 1.5 Indicating from examples in different perovskite ceramic compositions the
importance of number of equivalent domain states in realizing poling and high
piezoelectric activity.

Is -.40

"U b

'0 
w

I I

o P • 
40 0

Fig. 1.6 Remanent polization in PZT ceramics Fig. 1.7 Dielectric and piezoelectric
of comparable grain size as a function response in poled PZr as a
of Zr.TI ratio, function of Zr.TI ratio.
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TABLE 1. 1

Coefficients of the PZT Energy Function

a, tq,, (1,,k fcrlockcit ic dielectric stiffness at constant stress
Uh IO,, (,,/A antiferroclcutric dielectric stiffness at constant stress
L+, coupling between the fcrtroelectric and antifcrroelectric polarizations

13,. q, octahedral torsion coefficients
"• yqcoul)ling between the [crroclectric polarization and tilt angle
SO elastic compliances at constant polarization
Vl elcctrostrictive coupling between the ferroelectric polarization and stress
Z,j electrostrictive coupling between the antiferroelectric polarization and stress
Rij rotostrictive coupling between the tilt angle and stress

AG t a, [PI + P, + P 1 + P -1+ , [m + P + MI (1.6)

+ a, 2  + p P.Pj + a,,,[6a + 23 + P*3

+ t,, 2[I.(pP, + p13) + pr(pt +P2) + P3 (PI + P2)J

,,+x,, + (U, [pl + p2 + p~j + (7. [p4 +p4 + p~j
+ o,•,.[pi,), + p•Jj + j)•',l + ,,, IJv? + ,• + i,•1
+ ,,,,, jj,(p+, + pj) + ,,(/,'+ + pi) + I+,(p+, + p)

+ P P+ p+ jPl PzP2 + Ppp2P,1,P1 + alII"U) + p6 + )]

112, [)4(pl + pl) + + pl) + pl(p, + pj)]

+fL4,PI 2pdJ + P 2I'.p2., + PP2p2p, + 13 [02 + 02 + oil

+ 13,, [o• + o+o + OLj + -y, [l o, + ,"ol +I 1•P 3

+ -,,[P>(oj + op) + P2(o, + p2) + pr'(o + op)1
+ p2 [1+1) 2

+y 44I [PI P1021 O + P2
1'3179)-, + i 3P,0301 1

-Is,, [x• + xl + ,M1 - s,,X 2[x, + x20X + x/,x

- [0 ( + X0 + .•J - QI, XIeI + X2Pa + X3 p2 i

- Q,,IX,(P_ +02's) + x,(PI + 0'2) + x3 (0'2 + 02)]

- Q4 ,[ IX4P20P + XP1'3,0 + XIl23 - Z,, [XjA0p, + X2
2p2 + Ap,

- Z,I [X,(2i + X2) + XV(p• + 1,) + X,(p• + p,)j

- Z 4[X, pP,. + X.*~,p + XI ,Idz] - RS,1X 1,O + X2O3 + X30Xj

- R,2{x,(0i + 0,) + x 2(o• + 0 ,) + x (3(o + o p)]

- R.jX,,[, +O, 2) X 201+ X0 1 )+XO
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1.3.2 Delineation of the temperature in the PZT 60:40, and In the
Phenomenological Constants susceptibility as a function of composition

The initial basic assumption applied was at room temperature, given in fig. 1. 11.
that all temperature dependence was Examples of the full family of elasto-
carried In the lowest order stiffness dielectric properties which can be deduced
constants al and TI which were made are given in the original references.
linear functions of temperature. The Curie
temperature Tc was taken from the phase 14 Extrinsic Contrbut to Response
diagram and the Curie constant C used in PZT Type Piezocormmics
measured values taken from high density Even In the best poled PZT ceramic, because
ceramic samples. The temperature of the random orientation and the internal
dependence of Ps required to model the stresses generated by switching the large
higher order aij. polarization was spontaneous strains during poling, the
determined by assuming quadratic sample does not come to an ensemble of
electrostriction and measuring the X-ray single domain grains. Thus In considering
spontaneous strain in carefully prepared the polarizability of the ceramic in its
chemically coprecipated powders. The MPB ferroelectric phases, we must consider the
imposes a major constraint upon the a's extrinsic contributions due to changes in
since it requires that near the 50/50 Zr/Ti the polar domain structure and phase
composition the tetragonal and makeup brought about by the field. The
rhombohedral phases have similar type of changes occurring which could
energies across a very wide temperature contribute to the polarizability are shown
range. schematically in two dimensions in fig.

1.12.
Full details of the procedures, and of the
most recent families of constants can be For the piezoelectric response, only
found in references 9-13. A tabulation of extrinsic actions which are shape changing
the room temperature values is given in will contribute so that simple 180" domain
table 1.2. wall motion does not contribute, and is in

fact deleterious to piezo response since it
1,3.3 Intrinsic Properties of PZT contributes polarization without any shape
Plots of the free energy vs compositions, changes e.g.
using the fitted parameters are given in fig.
1.8 for temperatures of 25C, 75"C and x3 = QIi P32 and ±P3 give rise to identical
125"C. The resulting phase diagram strains x3 and xl
deduced from the crossing points. of the
phase stability lines for the whole Xl = QI2 P3

2

composition temperature field is given in
fig. 1.9 and is shown to be in good Non 180" wall motion, that is motion of 90W
agreement with the accepted phase walls in the tetragonal phase, and motion
diagram. of 71" and 110* walls in the rhombohedral

phases will give rise to shape change,
Indications of the capability to delineate however, the nature of the shape change
single domain properties are given in fig. will depend on the relation between
1. 10 for the susceptibility as a function of
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TABLE 1.2

Values of the coefficients used in the energy function (eq. 7.3) at 25"C.
as a function of Zr.Ti ratio.

Mole Fraction PbTiO, in PZT

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 H).

Tel'C) 231.5 256.- 3W00.6 3-'4.4 364.3 392.6 418.4 440.2 459.1 477,1 .492.1
C( ) C) 2.027 :.050 2.0S3 2.153 2.424 4.247 2.6t" 1.SS! 1.642 1.547 1.00

Q,, (10- e'c-) 4.620 5.080 5.574 6.175 7.260 9.660 8.16 7.S7 S.1:2 8.5(14 8.900

Q: 10" m,1C:) -1.391 - 0..-0 -1.720 -1.997 -2.708 -4.600 -2.950 -:-4,0 -2.-46 -2.507 - 2.u)00
Q. (10": m''C) 4.664 4.010 5.165 ;.32 6.293 8.190 6.-10 6.356 6.'17 6.369 6.7550

, (10' mT1 at 2•5 - 4..S2 -6.3"6 -. '70 -6.116 - 7.91LA -4.,.7 -8.-.0 - -17 - -I.S.4 -16.17 - 17 (Il

a, (10 mCFI .35 41.25 31.29 2".30 13.62 4.164 3.614 0.-158 -3.050 -5.845 -.

O,: (W0 mVF- 16.1 -.. 222 -(.034-5 1.68a 2.391 1.735 3.233 5.1m0 6.320 7.063 7.5N0

.(i(r mCFi -. 34.42 -(.2:97 9.2S. 11.75 11.26 6.614 10.7Ts !5.;2 18.05 19-4 20.32
t (li3 m'-CFJ 5.932 5.0.8 4.288 3.560 2.713 1.3-36 1.849 2..;48 2.475 2.5318 C106

mr: 110 m'C'F) 31!.2 34.Z 5 18.14 15.27 12.13 6.128 S..50.3 iO.25 9.684 8. C9 6.100

:,, (10 m'C-F) -104.1 -&.797 -7.5-5 -7.052 -5.690 -2.894 -4.063 -5.003 -4.011 -4.359 -

Wr(10m'C') 8.4. 13.39 4.6Z7 3.176 2.402 1.185 1.5% !.S51 1.652 1.256 S1.7SI1

(0)125"C

) , -Z , C

1.,-" _____4__... . . . _ ____... . . _

w u

Fi -L.

-0

0.0 0.5 1.0

MOLE FRACTION PbTIO3 IN PZT

Flg. 1.8 Calculated Free Energy profiles for each realizable phase as a function of Zr:'I ratio
at a) 25"C. o) 75", (c) 125FC.

v ). .. . . ... . . .. .. . . .. . . . .. . . . . . .. . ... . . .. . . _ • .. .
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Fig. 1.9 Comparison of calculated and measured phase diagram for PZT.
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Fig. 1.10 Single domain dielectric susceptibility calculated for a PZT 60:40 composition.
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Fig. 1. 11 Dielectric susceptibility of single domain states as a function of Zr:Ti ratio.
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Fig. 1.12 Possible mechanisms which can contribute to the dielectric polarizability in a
ferroelectric PZT at the MPB composition.
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Fig. 1. 13 Shape changing effects of 180' pure ferroelectric and ferroelectric:ferroelastic
domain wall motion, depicted in schematic two dimensional models.

ferroelectric: ferroelastic wall motion and ferroelectric 180" wall switching is quite
pure ferroelectric wall motion. From critical.
figure 1.13. if 90O motion occurs before 180"
motion the effective shape change reverses It must be stressed that in all these
sign with the field, if however 180" motion considerations it is that component of wall
precedes 90' wall motion the shape change motion which is reversible with the field
does not reverse sign with the field and is and which persists down to almost zero
effectively electrostrictive. A similar field which is of importance.
situation exists for phase boundary motion
(fig. 1.14) where again the relation to pure
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1.4.1 Control of Extrinsic Contributions piezoelectric responses, they give rise to
to Response highly asymmetric hysteresis response,

During the course of many years of larger coercivity and higher electrical and
empirical development a wide range of low mechanical Q. That the effects of the
level additives (0-5 mole%) have been found dopants are mostly upon the extrinsic
to have a marked influence upon dielectric components of response is expected from
and piezoelectric properties in PZT their marked influence on the hysteresis
compositions. In general. the aliovalent and is confirmed by the very low
oxides fall into two distinct groups. temperature behaviours Mfig. 1. 15). For the
Electron donor additions where the charge Navy type I to V the compositions range
on the cation Is larger than that which it from a strongly donor doping (type V) to a
replaces in the PZT structure and electron strongly acceptor doping in type III but all
acceptor additives where the charge on the are at the same Zr:Ti ratio. It may be noted
cation is smaller than that of the ion which that the very large difference in weak field
it replaces (table 7) permlttivity (e -3000 -* e -750) is

completely lost at liquid helium

The donor additions enhance both temperature where all extrinsic
dielectric and piezoelectric response at contributions are frozen out, and that the
room temperature and under high fields data agree quite well with the intrinsic
show symmetrical unbiased hysteresis permittivity calculated from the average of
loops with good "squareness" and lower the single domain values deduced from the
coercivity. 14.15 The acceptor additives in thermodynamic theory for that
general reduce both dielectric and composition and temperature.

SbfAs DoMgDARY FPoTION

PIs E u fwssrom PPTsE hliMv IEvus ,Ptu
igU LL.L la*v

Dmewhsam N weu l 'kram1E0

AM iKITIIUTIC

Fig. 1.14 Shape changing effects of 180" pure ferroelectric domain motion and of phase
boundary motion in a PZr ferroelectric at a composition near the MPB.
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LOWER LEVEL MODIFIERS t0 to I0 HOLE 1)

'TOwor' Additives 'Acceptor' Additives

NbHOY or Pb* 2 06  F1203

TOz0S or I'bta20, A1203
W03 Cr203

91 203 1%102
$1b201 MgO

La20$ 1110

V3O0

Other Low Level Additives:

IPa20, KZ0. G&203, tn0 3,. tr02 . Th0 2

Fig. 1.15 Common 'dopants' used in 'soft' donor doped and 'hard' 'acceptor doped PZT
compositions.

In the acceptor doped compositions there has been explored. In general the effect is to
are very good explanations of how the lower Tc, raise e, raise kt and kp and d3 3 .
domain structure (not the wall) is The typical ranges of advantage are given in
stabilized. 1 6 .1 7 .18 In essence the charged 7.16. Usually the compositions used follow
acceptor associates with an oxygen vacancy closely along the MPB into these 3
to produce a slowly mobile defect dipole. component phase diagrams.
The vacancy is the only mobile defect in the
perovskite at room temperature and the 1.5 Electrostrive Actuators
defect dipole orients by vacancy migration The poled ferroelectric domain structure of
in the dipole field associated with the the normal piezoelectric PZT provides very
domain. Thus over time the existing useful actuators with field induced strain of
domain structure (poled or unpoled) is order 1 - 2.10-3 at field levels of 10kV/cm.
stabilized and the walls are "stiffened." For systems which require a fiducial zero
Bias phenomena in both poled and unpoled strain position however, aging and deaging
ceramics can be logically explained as can of the domain structure under high fields
some facets of the aging behaviour and the lead to uncomfortable changes of the zero
time dependence of mechanical Q. field dimensions which are unacceptable in

precise positioning applications.
For donor doped samples, there are only
"hand waving:' arguments as to how or why For the electrostrictor (fig. 1.17) useful
the domain walls should become more strain levels require very high levels of
mobile and indeed it is not clear whether induced polarization i.e. high dielectric
the effects are from domain walls, phase permittivity.
boundaries, or are defect induced. Much
more work Is needed to determine the In the relaxor ferroelectric spin glass
physics of the softening in these materials, compositions like lead magnesium niobate

(PMN), at temperatures above the freezing
A favorite pastime for empirical temperature large levels of polarization can
development has been the combination of be induced at realizable field levels and
PZTs with relaxor spin glass lead based high quadratic levels of strain are possible
compositions to produce improved "soft" (fig. 1.18). Reproducibility of the strain
high permittivity high coupling ceramics under cyclic E field is evident in fig. 1.19,
(fig. 1. 16) and a vast range of compositions and is compared to the "walk off' which
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occurs in a PZTS due to de-aging.
Figure 1.20 show that the strain Is truely Av afgli +2 2)11>
quadratic when referenced to the
polarization as would be expected in which tends to compensate for the normal
electrostrictors. It is Interesting to note thermal contraction. Thus over a range of
that the Q constants for PMN are temperatures near 20*C it is possible to
essentially temperature independent over mate PMN: 10%/PT with ULE glass so that
the range from 100 to -60'C (fig. 1.2 1). An dimension can be controlled electrically
unexpected bonus in the relaxors is that the but do not drift thermally.
steady accretion of polarization for
temperatures below T Burns leads to an
expansion term of the form

for valence comipensated additions the system studied have
Included:

rb(iii 113fP2/ 3)O3:PhPTIO 3:PbZrO3.'1O

I'b(Ce113l;b2/ 3)O3:PbTiQ3:PbZro 3. VO

rb(K-i 1i/ib2/ 3)o3:PbTIo 3:PbZro 3.

Pb(Cu113I~b2/ 3)03:PbtIO3 :PbZrO . T

Pb(h 11i 3Ta2 /3)03:Pb~IO 3:PbZrO3.

f'b(Zn11 31lb 2/ 3)03:rPbTIO 3 :PbZrO3. it

b(Cu1/P~2/2)O)SPbTIO 3.

Pb(Cd 1 I/Pb2j3)03sPbTIO3.

Pb(b 11 Te112)03 PTI 3.

Pb(ttgl/ 2Te112 03:blIO3. 0I-
40

Pb(Sbi/ 112rib1 )03 :PbTIO3 sPbZrO3. 2

Pb(Sn113f1b2/ 3)03 .PbTI03:PbZrO.~-

oPbDrO3

"i'(Il1 I/OI12 )O3:PbTIO3:PbZvO 3.

Pb(iti, 13 Sb213)03:PbTIO3 :PbZrO3.

rb(LI 11I/0 3/ 4)03:PblIO3 2PbZrO 3. ~
Pb(SbI 12ftb 112)03 :PbliO2 :PbZrO3.
Pb(re112sb112)03:PbTIO3:PbZrO3.

Fb(In11 j1b112 )@3:PbliO32PbZ,0 3.

ft(ifl111b11 )03 Pb~O3 PbSflO3 :PbTiO3.

(g 0 .0
1o 010)1'r IOPlr bTiP3. pait

(Ago. 1PIO. S)20 3:Pbl 103:PI'2r03. I

F4g 1.18 Examples of systems using a relaxor additives to Mr1.
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Fig. 1.17 Actuation using the direct electrostrictive effect in a very high K ferroelectric type
perovskite.

60%

-60 sC

02 O

.• o 25

P (uclcU)

Fig. 1. I8 Typical polarlzation:strain curves in a PMN electrostriction actuator as a function
of temperature.
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Fig. 1.19 Contrasting the non linear but repeatable strain response in a PMN:PT relaxor with
the walk-off in zero field strain which occurs in a PZT 8 formulation.
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Fig. 1.20 Quadratic electrostrictive response in a PMN: 10%1P1 actuator composition.
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Fig. 1.21 Electrostriction constants Q1 1 and Q12 vs temperature in PMN: 10% PT.

2.0 PHASE SWITCHING SYSTEMS
2.2 Micro-Macrodomain Switching In

2.1 Introduction Lead Lanthanum Zirconate Titanate
Two types of phase switching have been (PLZT) Ceramics
extensively studied. In the PLZT family of The composition of PLZT explored in this
relaxor ferroelectrics, compositions can be study are identified in the phase diagram of
found which switch from a figure 2. 1. Composition are believed to
macroscopically cubic nano-polar state conform to the formula Pbl-
into a strongly polar rhombohedral state. 3x/2Lax(2ryTi2)03. though they are batched
The onset of polarization is accompanied with excess lead oxide to promote
by longitudinal strains up to 0.5% with the densification. Following convention the
highest strains occuring for compositions description is simplified to the form
close to the Morphotropic phase boundary 100x/ 100y/ 100z so that for example
between rhombohedral and tetragonal PbO.88LaO.o8(2ro.65T1o.35)O3 is described as
symmetry macro states. an 8/65/35 PLZr. For these studied the

La203 was in the range 4-8 mole% and the
For certain compositions in the lead Zr/Ti ratio was adjusted to keep the
lanthanum zirconate stannate titanate composition close to the morphotropic
family of ceramics compositions can be phase boundary between rhombohedral
chosen which are in an antiferroelectric and tetragonal macro symmetries.
state at room temperature but are very close
in free energy to a strongly polar Compositions were prepared both by
ferroelectric state so that antiferroelectrlc conventional ceramic processing and by
to ferroelectric switching can be achieved uniaxial hot pressing to achieve a range of
under high electric fields. The switching is grain size and of pore structures in the
accompanied by a major volume expansion ceramic. For studied of initial dielectric
in the lattice and the resulting strain can be elastic and electrostrive response
controllled by controlling the volume microstructure and density were not
fraction switched into the polar state by critical. However in fatigue behaviour, that
limiting the charge which flows, is in the loss of properties on repeated

.. ... ..
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Fig. 2.1 Phase diagram of PLZr system (after Haertling and Land) with the marks at the
selected compositions.
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Fig. 2.2 Dielectric constant versus temperature for three MPB ceramic compositions:
(a) 6/60/40. (b) 7/62.5/37.5 and (c) 8/65/35).
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cycling these parameters were most to the same electrode treatment fatigue is
important. Typical weak field dielectric again evident, now however as a volume
response as function of temperature is controlled phenomenon. Other tests in the
shown in figure 2.2, demonstrating the hot pressed 7/65/35 also show fatigue re-
expected increase in dispersion and relaxor appearing in grain grown material (grain
ferroelectric behaviour with increasing La size -30 4 meters).
content. High field behaviour for all
compositions is hysteretic, figure 2.3a and For the 8- 4/65/35 fatigue appears very
accompanying longitudinal strains are different. Even in the best hot pressed
shown in 2.3b. Parameters of interest for ceramic fatigue appears associated with
the whole range of compositions are internal micro-cracks which are visible in
summarized in Table 2. 1. Maximum strain the body of the dielectric and appear to
achieved in this family was 0.54% and it originate at field concentration near the
may be noted that all members can sustain electroded edges.
a remanent strain which is under
polarization control. Figure 2.4 gives The reason for this behaviour Is not simply
typical values of remanence in a 7/65/35 the strain level, since 8/65/35 has lower
composition. electrostriction than the 7/68/32

composition which shows no evidence of
Switching studied have shown that cracking at similar density, grain size and
switching times of under Ig sec can be electrode configuration.
achieved at high fields and that aging of the
remanent strain is comparable to aging of The studies to date on these PLZrs suggest
the fully poled state. that switching fatigue depends upon the

complex interplay of anurnber of variables
Cyclic switching between states will be including electrode interface properties,
essential for practical actuator use so that microstructure including grain size,
studies of property degradation as a density and flaw population and probably
function of the number of cycles switched also upon the nature of the electro-
(fatigue) are most important. Initial data dielectric interation in the particular
on fatigue under repeated cycling were very composition. It is however most
disappointing typical resonse for a 7/68/32 encouraging to have the demonstration
composition is given in figure 2:5 showing that fatigue can be completely eliminated
severe fatigue starting at - 104 cycles, under proper circumstances, even under
Several different types of surface treatment conditions of full polarization switching.
modified but did not significantly improve
response. Additional experiments have 2.3 Antiferroelectric: Ferroelectric
proven however that this premature failure Switching In Modified Lead
is a surface phenomenon and is traceable to Zirconate Stannate Titanate
debonding of the gold electrodes used. This Compositions
field assisted debonding appears associated Studies in the Materials Research
with traces of organic contamination on Laboratory at Penn State have focused upon
the surface and can only be relieved by high antiferroelectric compositions in the
temperature annealing immediately before family (Pb0.97Lao.02)(ZrTISn)O3 in which
electrode deposition. For a hot pressed the Zr:Ti:Sn ratios are adjusted to explore
7/65/32 sample subjected to this pre- the phase boundary with the ferroelectric
anneal before electroding, no fatigue at all rhombohedral form. The compositions
is evident up to 109 cycles with intial and studied are tabulated in Table 2.2 and the
final hysteresis loops superposing exactly position in the phase diagram illustrated in
and there is no change in strain behaviour figure 2.7. Samples were in all cases
(figure 2.6). preparedby conventional ceramic

processing from reagent grade oxides.
In the same composition made by
conventional ceramic processing, subjected
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Fig. 2.3a Polarization-electric field hysteresis loops for the MPB compositions:
(a) 4/57/43, (b) 6/60/40. (c) 7/62.5 and (d) 8/65/35.
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Fig. 2.3b The longitudinal strain-electric field hysteresis loop for the MP5 compostlions:
(a) 4/576/43, (b) 6/60/40, (c) 7/62.5/37.5 and (d) 8/65/35.
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TABLE 2.1

Field Induced Strain and Related Dielectric Data

(Com.p. i,,,(C) X, K h, ,c (kv/cns I'r Iuc/c.:J .1,),33 '( t,(19) '10 ,,/i,

8/172W3 99 )23331 55113 2.6 21 0.81 2.5 0.1

8/65/35, II31 113.511 4•1,4l 3 6 203 (1 82 2.3 0.32

8/3.I7 114 13 '•)1 451M) 4.7 21 31 37, 1.9 0.32

7/m5/35 141) IM•313) 3NN(E 4.5 2314 41 3. 07

7/62 5137.5- I11ND I33M 2'1M 27 2 I 2 3.7 (064

7/01/40 172 3173431 I4xX? 6.3 2h.2 I . .141 0.4

7/511/42 180 17.141M 2t181 8 22 3 1 3.2 0.39

7/%6/44 190 172413 22130 310 22 1.94 2.3 (3.4

6/62/38 I"96 I-XK19 21313 5 31 1.4, 4.1 0.58

6/m3/40" 204 I38388 2388) .' 6 29.5 3. 3t 4.7 0.57

6./5/42 7 45 29 3.12 3.9 0.53

5/14/411 2.134 '1I8) 3RAN3 6 S2 32 13 7') 4.2 3353

5/515/41.5" h 41 34 3 24 4.5 (359

5/56/44 M.5 32A1 it .S4 (.56

4/57/43- 7.47 35.2 3 26 333 33.6

4/55/45 111 29.5 1.21 2.9 0.53

* MPI' c..miltilktm•. 1,: "l.,Istis ,im i3hnI3I Sldieccd al 15 kv/cm. r,: I. mitdl|sl 11tam inldUCcJ al 35kv/cm.
-, 'Itlasvfes. cmtnilflin | sir.,.. I-. "Ic . I tit| d ktlcorit: m xid uitil. K,,: Mjizltlax lllm tllcicrin. cooisilant. K.,:

l)ickcunlc c.,m, 3jIl3 aft 25"C,
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Fig. 2.4 The remanent transverse strain as a function of remanent polarization for PLZr
7.5/65/35 Ceramic.



16-24

"OPOLI SH ING

*ETCHING

03 0.5

LYLE

2.0

1.5
U

L 1.0

CYCLES

Fig. 2.5 Premature fatigue in a PLZT 7/68/32 showing the effect of different surface
treatments, when the gold sputtered electrode is applied after conventional cleaning
using organic solvents. The fatigue is associated with field assisted electrode
debonding.
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TABLE 2.2

Chemical Compositions and the Reference Numbers

No. Comfpositioni

4 (Pb,.,L )(r.T.(SnbO

6 (Pbi,,,Lao a,)(O SoafO.03
7 (M., 9 7LA 0 .)(ZrO..Tic, 0 %O ,O
S (Pb, ,LaO~j)(ZrO.Ti 0 LpSflqj,)O
9 (Pba*,Lh,.&)(ZrO,6 TiO "13%is)01

10 (Pb,LA,)(ZrO.,TiOSflk,2)O,
I I (Pbo., L@,)(ZrO"TiOoS% 2 ,,)O,
12 (P%,.,La,)(Zr.Tio,OShj1 0.)O1

14 (PbO,, La 0o )(Zr0 1sTi0 1 Sna.0 0i

T-/ F

000
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"Typical hysteresis and longitudinal strain the field is simply reduced to zero is slightly
curves taken on sample 4 (Table 2.2) are longer, and depends on the degree of
shown in figure 2.8 and the parameters for original forward poling. But even for very
all samples studied are summarized in high forward fields (figure 2.10) the back
Table 2.3. Evidently maximum strains up switching is accomplished is under 2.5 gi
to 0.87% are possible in the higher zirconia sec. Thus for most types of AF-F actuators
compositions and fortunately this is the speed will be set by the propagation of
combined with a lower switching field. the strn wave and not by the polarization

process.
An important consideration for the
practical utility of these materials is the Fatigue in the cyclic switching is illustrated
speed with which the field forced phase for composition 6. the maximum strain
change can be accomplished both in the material in figure 2.11. In spite of the fact
forward AF-+ F and in the backward F --* that the ceramic is not near theoretical
AF transitions. Pulse field studies have density the polished sample only shown
shown that forward switching is fast, figure less than 10% change in switched
2.9 gives data for composition 5 which is polarization after 5 • 107 cycles a very
quiet typical. Clearly switching can be encouraging result. However much more
accomplished in times - 1/3 g sec at work is needed to define and control the
realizable field. Backward switching when fatigue processes in these ceramics.

(0) (bI

W I EP W X . (i

AA-

F'Jg. 2.8 Trypical polarization and strain hysteresis loops (composition No. 4) and some

Illustrated parameters.

-l-A
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TABLE 2.3

Switching Data for Different Compositions

(a) Group 1 compositions

P EA-F Eapp
No. (uC/cm2 ) (kV/cm) (kV/cm) xl(ind)

5 30 30 35 0.18%
13 28 30 43 0.45%
10 36 28 60 0.5%

9 36 24 60 0.59%
7 36 22 58 0.52%
6 40 21 46 0.87%

(b) Group 2 compositions

14 31 44 56 0.35%
12 32 49 59 0.42%

8 30.5 52 68 0.37%
4 43 50 75 0.55%

11 33 45 60 0.45%

I/2 (Wm/kV)
001 0.02 003

'• ZSO- %%% *-'• 01'0

-0.10

00 ..- 0.0

30.00 35.00 40.00 4O0
E (kVcm)

Fig. 2.9 (a) 1/ts (forward switching speed versus E.
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Fig. 2.10 (a) Backward switching current under different dc poling fields and (b) backward
switching time as a function of dc poling field for composition No. 4.
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Fig. 2.11 Fatigue in Antiferroelectric Ferroelectric switching for several high strain
compositions.
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S0 P11OEIZCTRIC PROPERTIES OF
THIN FILMS d3l = -88.7 pC/N (fig. 9.3).

In a perovskite structure ferroelectric in its
tetragonal ferroelectric phase, symmetry close to the value
4mm. the non zero intrinsic piezoelectric
constants of the single domain are: d3 = -93.5 pC/N

d3 l = d3 2  = 2QI2P3e33 (3.1) quoted for the 52:48 Zr.Ti undoped
composition.

d3 3 = 2Q11P3e33 
(3.2)

Taking values for the elastic constants
d15 = d2 4  Q3 3 P3 e I1 (3.3) siiE, s 3 3 E, S12 E similar to the bulk ceramic

it is then possible to derive the piezoelectric
where the QiJ are the non zero coupling coefficients
electrostriction constants

K33  = 0.49
P3  is the spontaneous electric K31 = 0.22

polarization. Kp 0.32.

eij the components of the dielectric As a preliminary exercise to explore the
tensor. utility of the high piezoelectric constants

and strong electromechanical coupling for
For a bulk ceramic poled into conical PZT films on silicon we have cooperated
symmetry (Curie group o m) we expect with MIT and Lincoln Labs to demonstrate
similar relations except that now the Q ij a piezoelectric flexure wave micro-motor.
are orientation averages, the P3 is now PR
and C33 is to be measured along the poling The concept is shown schematically in fig.
direction. 3.4. The silicon wafer is coated with a thick

(2 ý± meters) silicon oxynitride film, then
In the thin film it is probable that the Q etched from the back side to define a
constants are not significantly changed so window 2.5 mm square. Titanium bonded
that if we can achieve high values of PR and platinum electrode is deposited upon the
Of E33 we might expect strong upper surface and a 4.500 X 52:48 PZT sol
piezoelectricity. Initial measurements of gel film is spun on and processed on the
the change of film thickness under field, upper surface.
using the Penn State MRL optical
ultradilatometer show a clear piezoelectric The upper electrode pattern I mm in
effect (fig. 9. 1). Measuring the slope of a diameter is plated onto the upper surface of
sequence of strain: field curves like figure the PZT using a photo-resist technique.
3.1 at different DC bias levels a maximum

To examine the surface flexure wave
d33 = 217 pC/N (is recorded in figure 3.2). generated by sine:cosine fields applied to

the electrodes a 0.8 mm diameter glass lens
For an undoped PZT of a similar 52/48 was centered on the electrode pattern. With
Zr:Ti composition a field of 2 volts applied it was possible to

generate stable rotation of the lens at a
d33 = 223 pC/N. speed - 120 rpm. The experiment was in the

nature of a proof of concept, and the system
To measure d3 1 . since the film is firmly is now being redesigned to better locate the
bonded to a platinum film on the silicon plattern and to improve the electrode
substrate, it was necessary to use a geometry and dielectric perfection.
monomorph bending mode excited in a thin
silicon strip. Again the measured From observation of the acceleration of the
deflections yield a value for glass lens on switching on the fields, we
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project that torques of the order 109 not be unrealistic, given the high energy
Newton meters are realized even with this density and the strong coupling coefficient
very primitive design. Such torques would of the ferroelectric Rilm.

2

I kHz
O.C. BMS.?kVlVIm

0

1

(0 ,,A

0 25 50

Applied Electric Field (kVlcm)

Fig. 3.1 Thickness strain X3 measured as a function of applied DC field

240

0.4Spm film
220 1 kHlI

S200

• 180

160

140
o s0 100 10

D.C.8lae (kWom)

Fig. 3.2 Piezoelectric constant d33 as deduced from a sequence of strain:fleld curves such as
9.1 under different static bias field levels.
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Fig. 3.3 Strain measured from the flexure of a PZT 52/48 thin film monomorph on a silicon
substrate. (WI

i~500

Fig. 3.4 Schematic drawings of the electrode pattern for a PZT thin film micro-motor using

a rotating flexure wave generated in a PZT film on a silicon oxy nitride diaphragm.The s taUng wave has been demonstrated to rotate a te.l110.8 nun) glass lens at

~120 rpm.
- 6...



16-33

REEECES

1. B. Jaffe. W. R Cooke, Jr and H. 13. M. J. Haun. E. Furman. S. J. Jang
Jaffee. Piezoelectric Ceramics, and L. E. Cross. Ferroelectrlcs 99, 55
Academic Press, London (197 1). (1989).

2. A. F. Devonshire. Adv. in Physics 3, 14. R Gerson, H. Jaffe. J. Phys. Chem.
85 (1954). Solids 24. 979 (1963).

3. L. E. Cross. Phil. Mag., Ser. 8 1, 76 15. R Gerson. J. Appl. Phys. 31, 188
(1956). (1960).

4. L. E. Cross. J. Phys. Soc. Japan 23. 16. K. Carl and K. H. Hardtl.
77(1967). Ferroelectrics 17. 472 (1978).

5. A. Amin and L. E. Cross. 17. D. Dederichs and G. Arlt.
Ferroelectrics 50. 237 (1983). Ferroelectrics 68. 281 (1986).

6. T. R Halemane, M. J. Haun. L. E. 18. W. Y. Pan, T. R. Shrout and L. E.
Cross and R E. Newnham. Cross. J. Mat. Sci. Lett. 8, 771 (1989).
Ferroelectrics 62, 149 (1985).

19. R. E. Newnham. D. P. Skinner and L.
7. A. Amin. M. J. Haun, B. Badger, H. E. Cross. Mat. Res. Bull. 13, 525

McKinstry and L. E. Cross. (1978).
Ferroelectrics 65. 107 (1985).

20. A. A. Shaulov. M. E. Rosar, W. A.
8. M. J. Haun, T. R Halemane. R E. Smith and B. M. Singer. Proc. ISAF

Newnham and L. E. Cross. Japan J. 86, Leigh University, 8 June 1986, p.
Appl. Phys. 24, 209 (1985). 231.

9. M. J. Haun, E. Furman, S. J. Jang 21. T. R Gururaja. W. A. Schulz, L. E.
and L. E. Cross. Ferroelectrics 99, 13 Cross and R E. Newnham. Proc.
(1989). IEEE Ultrasonics Symp., 1984, pg.

523.
10. M. J. Haun. E. Furman, H. A-

McKinstry and L. E. Cross. 22. W. A. Smith. Proc. ISAF 86, p. 249.
Ferroelectrics 99, 27 (1989). Lehigh University (8 June 1986).

11. M. J. Haun. Z. Q. Zhuang, E. 23. Z. M. Zhang. W. Y. Pan and L. E.
Furman. S. J. Jang and L. E. Cross. Cross. J. Appl. Phys. 63, 2492
Ferroelectrics 99. 45 (1989). (1988).

12. M. J. Haun. E. Furman. T. R 24. W. Y. Pan and L. E. Cross. Rev. Sci.
Halemane and L. E. Cross. Inst. 60 (8), 2701 (1989).
Ferroelectrics 99, 55 (1989).



17-1

IN-FLIGHT AIRCRAFT STRUCTURE HEALTH MONITORING
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SUMMARY

Aircraft are known to be highly complex systems requiring an extensive amount of monitoring
because of their safety criticality. To reduce direct operating or life cycle cost a lot of effort has
been spent on automated monitoring systems. On-board loads monitoring systems for aircraft as
well as built in test equipment in avionics systems are already available nowadys. On-board loads
monitoring systems do however not monitor damage in-situ and on-board. This stiR has to be per-
formed on-ground by manual NDT inspection. Smart structures technology is a means which can
support development towards automated in-situ monitoring of damage even on-board the aircraft.
The paper starts with a brief view on aircraft maintenance cost, describes existing aircraft health
and usage monitoring systems as well as NDT procedures and explains how these procedures
could be combined to a smart system using smart materials and structures technology. A strategy
is proposed how gradual introduction of smart structures technology into structure health monito-
ring systems can make this new technology beneficial for aircraft operators in short term.

LIST OF ABBREVIATIONS

AE Acoustic Emission
BVID Barely Visible Impact Damage
CFRP Carbon Fibre Reinforced Polymers
ECM Engine Condition Monitoring
NDT Non Destructive Testing
PVDF Polyvinylidene fluoride

1 INTRODUCTION

Aircraft are known to be highly complex systems. They are composed of a variety of electronic,
hydraulic and propulsion systems and a light weight/high stiffness structure, that has to withstand
severe loading conditions. In addition the whole system is highly safety critical and suffers degra-
dation even when not being in service. Such complex systems require extended maintenance.

Because of safety criticality, most of the maintenance effort is related to monitoring. Only a
smaller amount of maintenance effort should be related to repair. Manpower has become a major
cost driving force in highly i countries while increased competition like in commer-
cial aircraft business has led to low transport fares and highly sophisticated technology like in
military aircraft or space vehicle business requires extended care in functionality and reliability.
Possible solutions for minimizing maintenance cost are therefore reliable procedures for automa-
ted aircraft health monitoring.
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Beside minimization of inspection efforts and cost through aircraft health monitoring, a va-
rety of other requirements and reasons exist which includes:

"* preservation of flight safety and improve operational capability
"* minimization of aircrafts' availability through on-condition monitoring
"* reduction of weight because of better design
"* extension of aircrafts' operational life
"* simplification of damage detection
"• detection, localization and validation of damages such as cracks, delaminations and corro-

sion resulting from fatigue impacts or mishandling
"• improvement of inspectability of composite materials' structures
"* saving of fuel
"• reduction of pollution.

Monitoring of aircraft structures is nowadays still fully performed on-ground using Non De-
stnictuive Testing (NDT) procedures according to prescribed instructions and after fixed servi-
ce time intervals. As these fixed intervals have been mainly based on severe flight conditions
first attempts have F-een made to flexibilize these by on-condition monitoring using an aircraft
loads monitoring system. Smart materials and structures technology including microelectronics
and advanced data processing such as data bases, neural networks, fuzzy logic and artificial in-
telligence are emerging areas of science which might allow to integrate a NDT-system into an
aircraft structure similar to the nervous system in a human body. Fully automated aircraft struc-
ture condition monitoring even in-flight would be enabled.

Starting with a brief view on aircraft maintenance cost, this paper will describe existing air-
craft health and usage monitoring systems as well as NDT techniques and explain how these
could be combined to a smart system using smart materials and structures technology.

2 AIRCRAFT' MAINTENANCE COST

Before considering development of an aircraft structure health monitoring system it is advis-
able to roughly determine the amount of aircraft maintenance cost and the percentage of main-
tenance cost reduction achieved by that monitoring system. The reduced maintenance cost com-
bined with other pay offs such as reduced fuel consumption, better reliability, less down times
or extended operational life will finally define the allowable cost of the monitoring system to be
developed.

Although it is quite difficult to obtain representative maintenance cost data an attempt is
made within the following to give a rough estimate for at least a corrosion monitoring system
and to describe possible pay offs with composite materials monitoring.

Independant of the type of aircraft (commercial or military) monitoring is required for the
various types of damage listed below:

LI
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o metals

-cracks
- corrosion
- wear

o composites
- cracks

- delaminations (especially resulting from BVID)
- debonding

Common types of damage to both materials is misrepair or lost parts such as rivets and bolts.

Considering metallic structures, corrosion is a type of damage which already starts shortly
after iitial delivery while fatigue damage occurs mainly after some years in service. Fig. 1 is a
general view on how the fleet damage
rate develops over the airplane age for
commercial aircraft [1] due to corrosion dr

and fatigue. A study recently performed w
on corrosion maintenance for military E Fatgme Dmagp
aircraft in the USA [2] reports of annual -
corrosion maintenance cost per aircraft
ranging from 3,627 US$ for a T037 up to L. [• mm e
352,187 US$ for a B52, the average va-
lue for all types of aircraft considered
being around 75,000 US$. This includes

M l aI l
cost for repair, paint, inspection, wash, ee, Airplane age, year
material and others. There is no question Fig.1 Observed Feet Damage Rate
that improved corrosion prevention is the
best way to reduce corrosion maintenan-
ce cost. But already a reduction of corrosion cost of simply 10% using a corrosion monitoring
system could be of remarkable help. It would not just reduce inspection manpower but also
cause less repair, paint and material because of earlier detectiontion of corrosion damage. Life
cycle cost for a corrosion monitoring system of 150,000 US$ sounds therefore not unrealistic
when considering 20 years flight time.

Composite materials have become increasingly applied in military aircraft because of better
camouflage, lighter weight, better fatigue behaviour, less degradation by corrosion and the pos-
sibility of tailoring strength and stiffness according to structural needs. When compared to me-
tals composites however also possess a number of disadvantages such as less ductility, higher
environmental (especially ho/wet) sensibility, less lightning strike resistance and detectability
of Foreign Object Damage (FOD). Another major concern which especially airlines have [31 is
repair efforts required and operational reliability with composite materials. Their higher repair
expenses are mainly caused by workshop and test equipment required for quality control, spe-
cial requirements for materials storage and the non-standard work procedures.
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Fsg2: Comparison of Repair Cost [3] Fig.3: Repair Cost Comparison for CF6 Fan Cowl Door [3]

Fig. 2 shows their qualitative view of development of repair cost versus damage size for CFRP
and aluminium structures. Fig. 3 gives some values for repair cost of a CF6 fan cowl door. For
any size of damage the repair cost for CFRP is always, mainly even significantly higher than
for aluminium. These higher repair cost can be remarkably reduced when CFRP becomes much
more applied, leading to reduced cost for spare parts, workshop and quality control tools and
repair related labour because of standardized procedures. Other pay offs will come from:

- avoiding known design deficiencies
- minimizing the risk of unknown problems encountered
- substituting metal by CFRP only for structural parts with
high weight and low maintainability.

A composite structure health monitoring system is therefore a good means to obtain pay offs
from the first two aspects mentioned above. It must however be mentioned that allowing dama-
ge in a composite structure because of better knowledge of damage behaviour through a structu-
re health monitoring system will cause structural repair cost which has not occured before. Cal-
culation of the allowable price for a health monitoring system for composite structures is
therefore influenced by various factors which are difficult to quantify at present.

3 STATE-OF-THE-ART IN AIRCRAFT HEALTH MONITORING

When considering an aircraft from a health and usage monitoring aspect four different areas
within the aircraft are of major importance:

- the aircraft structure
- hydraulic systems
- electronics/avionics
- propulsion systems.

For propulsion systems health and usage monitoring are highly advanced. Whole in-flight
Engine Condition Monitoring (ECM) systems have been developed and built which are already
in use within various aircraft operators' fleets [4,5]. This takes in engine data such as revolu-
tions per minute, vibrations, temperatures, pressures and rate of fuel usage. By immediate data
analysis, engine condition can be monitored long before in-flight malfunctions occur, and de-
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fects can be traced to a specific module within the engine. ECM has received FAA and JAA
approvaL

Since the widespread introduction of digital technology, die control and avionics systems of
aircraft incorporate varying levels of Built In Test Equipment (BITE) to monitor system behavi-
our and to provide corrective action in the event of failures.

In-situ monitoring aircraft structures or hydraulic systems is still limited to on-ground moni-
toring using NDT procedures such as eddy current, ultrasonics, pressurization or simply the
naked eye [6].

In-flight monitoring, having gained large interest during the past decades, is performed no-
wadays by either monitoring strain or flight parameter sequences which are then used to derive
a load sequence for the aircraft part considered. A description of this kind of monitoring is gi-
ven in the following.

Strain Gauge Based Health Monitoring Systems

Initial work with in-flight monitoring was performed bonding strain gauges to well selected
areas in the aircraft and measuring strain sequences. On ground, but even with sufficient com-

"puter capacity on-board, the strain se-
quences are then converted to stresses
and/or loads allowing a numerical eva-
luation of fatigue damage using mainly
simple damage accumulation rules (e.g.
Palmgren-Miner's rule).

This kind of monitoring system has
been continuously developed through

Monitored Locations the past years mainly using better bon-
ding technique, advanced electronics
and data processing as well as improved

D" (Asensors. Various examples are described
s&, GO-S in [7] where Fig. 4 shows one example

k iftsam" •for a military aircraft [8]. All strains
S"M HWUN" measured with strain gauges are conver-

Z ted to digital signals and stored in-
service in a Data Acquisition Unit

fffflf / (DAU). Within a following step the
strain histories are then converted to
stress histories and a detailed dama-
ge/fatigue life evaluation is performed
for the last flight and the overall flight
history of the aircraft. This dama-
ge/fatigue life evaluation might be per-

gA.4: Strain Gauge Based A/C Health Monitoring [81 formed either in-flight or on-ground.
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AIRLINE A CONTINIUMNS.• ERVICE. r. AIRFAE.- (HEALTH)
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ON BOARD PROCEDURE . GROUND BASED PROCEDURE-

S._ ._ Flight Parameter Based Mo-
! :nitoring Systems

S SP- 11 A~*un. Aircraft operators try to mini-
LSpwca If Pop- Aml.= mize the risk of complexity wi-

(HARD LANO DETECTION . thin an aircraft by avoiding addi-
AND LOAD0 AND REPERCUSSION

LIMIT LOAD EXCEEDANCE) MISSION REPORT REPORT tional sensors. Strain gauges for
use of loads monitoring are there-

SOURCE PARAMETER fore mainly unliked. Instead sen-
ADIRU Air Dad Irmlda Rebr U,_ ALT, MN, TAS. AOA. PTCR, ROLR. LATG. VRTG•,G P.q -al. Comp" •..ca sors already available in the airc-
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DUC Dam MMa,,•,a Compm, RALT
Pod Fuel Cuss kKsmn Swam FUELoUArTITES WING (Inwi an ,,. 00, ) aircraft's load sequence. Early
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SOAC Symma D0,* An"l Cowwww RUOD
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FWC F4M Wwnwm C=m FLUGHT PHASE
FDIU Fhhlk Data imrtm Uidt TIME. DATE. AC-TAIL NUMBER accelerations to flight loads. This

work was then extended including
Rg.5: OLMS, Flight Parameter Based A/C Health Monitoring [9] further flight parameters such as

speed, altitude, air data, pressure,
fuel quantity, flaps position, etc.
for a more precise evaluation of

Dam loads. Fig. 5 shows an example of
" URA Gro; u the Operational Loads Monitoring

NBOARD PROCEDURE GRND BASED PROCEDURE System (OLMS) developed for
o 0 o,,• ,,the Airbus A320 [9] and Fig. 6C•, Ena r--= the main procedure of the On-

board Life Monitoring System
E-1,.• (OLMOS) used for the Tornado

(•";;',O~fl~d , W-.,apflm) military aircraft within the Ger-
s __m_____ nI man Tomado fleet [ 10,11].

"O" M Both systems are designed for
&4-.,. 3 onboard preprocessing of data,

apwl ""01 PWft If

Stwopd Rwamnt•,W. Pw•o,. W differing between special events
(Hul HeM Twr•nu (hard landings and limit load ex-

Summary of 'Begleitparameter' Permanent Events ceedances) and the general load
MAW. INCLNo• .rEADI. vx. VY. vz. M.. VCAS, spectrum. Even though the accu-
ALPHA. SPOILER, ROLLRATE. RUDOER, L/R. YAWRATE. racy of the load sequence monito-
PrTCHRATE. TALERON IJR. FLAPISLAT. WlNGSWEEP, red is not fully satisfying at pre-

sent a lot of improvement has al-
Fig.6: OLMOS, Right Parameter Based A/C Health Monitoring ready been gained in the past and

further improvement can be ex-
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pected from ongoing work. The optimum result obtainable with a flight parameter based system
is therefore a load sequence identical to a load sequence measured with strain gauges.

Disadvantages with Loads Monitoring

A loads monitoring system as described before is not able to monitor - or in other words de-
tect - damage. It is only able to evaluate damage by additional use of numerical evaluation pro-

cedures. The difference bet- 10

ween predicted and detec- * TEST KSLTS

ted damage can be quite re- u 7 Ws uI.',o: 'aav u m,•r dS- UMa2iW dab• W e bn m a m• m•--W as fw p$Prmarkable. A factor of two is to 1u lWd SPUM14••fl•.n I
very common in fatigue life M @ .. , ow .• , ,m

prediction [12]. Furthermo- 4 a I a 6.!•.o.
re structures exhibit large 3
scatter in their damage be- ..........
haviour. Fig. 7 is a typical 2

example for a fatigue life E
curve [13]. The scatter in Ankn May 707-•5-T
experimentally obtained fa- Spectum Loading, Kt=2.64 _
tigue lives easily varies by a ,E, 1S IEG 1E7

factor of +/- 2 around the Number of Rights to crack irdatiaon

mean value. The two solid Fig.7: Predicted versus Actual Fatigue Life [13]
lines in Fig. 7 are the result
of numerical fatigue life evaluation using different baseline data for the same material. It is ob-
vious that the predicted fatigue life is significantly influenced by the appropriate selection of
baseline data. Other factors are known to be the damage accumulation rule or the state of stress
(uni-/multiaxial mean stress) applied. It can therefore be concluded that real monitoring of da-
mage would be of great advantage to get more precise and reliable information of structural be-
haviour.

The gap between predicted and real damage becomes even larger when considering compo-
site materials. Damage evaluation for these materials is still at an early stage. Monitoring flight
loads is hardly of great use to detect damage in composites such as fibre or matrix fracture, de-
lamination or BVID. Composite structures nowadys are designed such that they can withstand
all service loading conditions without experiencing damage. They could however be designed
much more light weight if damage such as mentioned above could be monitored. This would
lead to make better use of composite materials potential without reduction in security.

Another aspect which cannot be covered by loads monitoring are environmental effects such
as corrosion in metallic and humidity and temperature effects in composite structures - aspects
which are becoming important with the increasing age of aircraft.

As a conclusion, considering safe-life as well as damage tolerant design and taking full ad-
vantage of materials' potential is only possible through continuous monitoring of material's
condition applying NDT procedures. These NDT procedures must be applied on-board and
even in-flight of an aircraft. An NDT system being an integral part of the aircraft will lead to
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reduced manpower for inspection and ground times.

4 NDT TECHNOLOGY AS A MEANS FOR ON-CONDrTION MONITORING

A variety of NDT procedures is used within on-ground maintenance of aircraft structures no-
wadys. Apart from visual inspection, use of ultrasonics and eddy current are the procedures ge-
nerally applied. Procedures such as computer tomography, holography, shearography, thermo-
graphy, Barkhausen noise or magneto optical eddy current have recently gained more attraction
because of improved availability of these techniques. Major applicability and experience gained
with these techniques has been with metals. A limited number of them is however also applica-
ble to composite materials. Within the following three procedures able to account for monito-
ring damage in both, metals and composites will be shortly described.

Acoustic emission (AE) has been successfully used for monitoring discontinuities, fatigue
failures, materials behaviour, welds including welding process or stress corrosion cracking in
pressure vessels, aerospace and engineering structures. Acoustic emission is the elastic energy
being suddenly released when materials undergo deformation. It may be released from propaga-

tion of cracks and/or delaminations, fric-
tion, leakage or microscopic deformation or

transformation. The elastic energy - or bet-
ter acoustic signal - emitted from the da-

RISE mage is registered as acoustic signal of a
lIME DECAY TIME

frequency in the range between 10 kHz
and 1 MHz using a piezoelectric sensor
well attached to the structure. Fig. 8a

-THRESHOL shows a typical example of an AE signal.

-i -- The signal is then analyzed and classified
according to specific features such as am-
plitude, rise time, decay time, duration,

DURATION counts, etc. (Fig. 8b). Including time as a

parameter allows damage source localiza-

Fig.8a: Definition of simple waveform parameters [14] tion when at least three AE sensors are
used. A good compilation of AE funda-
mentals and applications is given in [14].
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Fig.8b: A classification system for treatment of acoustic emission signals [14]
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Various studies have been performed during the past decades using AE for monitoring da-
mage in aircraft structures [15-18]. Some of these studies report of having even applied AE for
in-flight monitoring [16,19]. This has however been limited to either monitoring an aircraft
structure in a rig test [16] performed on-ground under simulated in-ffight conditions or imple-
menting an inertial loading apparatus with a precracked test specimen in a flying aircraft [19].

Other studies have been performed pressurizing the cabin in aircraft fuselages of commercial
aircraft to detect fatigue cracks, corrosion, cracked lap joints and cracks around rivets and in
forgings and wing splices [18]. The F-Ill fighter/bomber aircraft has been tested in a chamber
where the aircraft was periodically chilled to -400 C and stressed between +7,3 g and -3,0 g and
an AE system was used to locate any sources of structural failure [17]. Techniques were develo-
ped to eliminate loading noise and a strategy was set up to identify locations where sensors
should be placed to obtain optimized signals. These developments have become feasible since
handling, processing and interpretation of data has been improved through better computer
technology and new attempts [20].

Acousto-ultrasonics is a technique
which has been proved to be even more
sensible than acoustic emission uls Tranermtter Acoustic Enisson Recoiver
[21,22]. Fig. 9 illustrates the principle Holdn Fixture

of this technique. It requires two pro-
bes, one of which is used to introduce LidCont

ultrasonic stress waves into the structu- s9Sciffien

re and the other to pick up these stress Pulsed Exci-tato Simislled Stres Wave

waves at another position. As soon as
the damaged area lies between the two Fig.9: Schematic Diagram of the Acousto-Ultrasonic
probes the shape of the received acou-
stic signal changes because of change
in material damping characteristics
due to the damage (crack, delamina-
tion) occured. Acousto-ultrasonics has r/L
not been an NDT procedure established
with aircraft structures up to now but it
shows significant potential for future /777

health monitoring systems. _-__ _-_

Modlal analysis is a further NDT -,--0 _.0.

procedure which is widely applied for j "" -
monitoring space structures. It is based 3 1 \ ,

on monitoring vibration modes, These ',

vibration modes change when damage .
170

occurs. Pandey et al. [23] have shown .
the applicability of modal analysis for a 601
cracked beam based on numerical sM, _ o__ . .... " -. •.

(FEM) analysis. Tracy and Pardoen H , & , ' ,.
(241 used modal analysis for monito- 0 ..2.3e 0.d0 0 .n0.80 0

ring damage in a delaminated beam.

Fig. 10 shows the change in natural fre- Fig.lO Modal Analysis of a Delaminated Beam (24]



17-10

quency versus size of delamination for the first four vibration modes of a miidplane delamina-
tion centered in the middle of the beam. Mode IV proves to be the most sensible. Delaminations
larger than 5 to 10% of structures' longitudinal surface have a significant effect on natural fre-
quency of mode IV. Considering higher modes does not lead to significant higher sensibility in
change of natural frequencies resulting from delaminations [25]. The applicability of modal
analysis is therefore limited to monitoring larger defects. Hickman et al. [26] have shown on a
demonstrator aircraft, that modal analysis could well be used for monitoring damage such as
lost rivets or bolts.

Requirements for On-Condition Monitoring.

Future aircraft health and usage monitoring systems to be designed as built-in systems must
be able to monitor damage on-condition. Major damage to be detcted includes:

- fatigue and corrosion in metallic structures and
- delaminations, especially BVID, in composite structures

resulting either from material degradation (aging) or mishandling including misrepair.

Damage has to be detected, localized and monitored in accordance with damage tolerance
design principles.

On-condition monitoring is closely related to in-flight monitoring. The major criterion for
selecting the appropriate NDT procedures is therefore their in-flight applicability. Fig. 11 shows
an overview of NDT procedures in respect to applicability for in-flight monitoring, degree of
development, degree of monitoring and type of damage monitored.

MONI! In-fthl Owes. of Lowit IOun"*. Du'nap lFague Imp-W DomninailonC~oo
Aft.War O.Ion! I aW ml Pfopqa*m. Crdi (BVlO)

SPUm 'SNOio No ÷ ÷ +

gm Pan.a Yet÷

P WMgnate N + + ÷ ÷
Edt, Currm NOa V + + + + W 0 (+

-seanetatN

MK Mwyes + + ÷ + ÷ ?

Hd" ? ? ? ? ? ? ?

aflg t p ar m e + +tShowaimolt ?? ? ? ? ?

- chem fial Nosensing?

- r- moa a ckn a . NOi ? ? ?

FRg.1 1: Technology Seledton for Health Monitoring Systems

'Me following ND techniques turn out to show in-flight capability:
- strain

- modal analysis

- acoustic emission and
- acousto ultrasonics.
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When considering well established NDT procedures which is generally identical to a high
degree of development chemical sensing might be excluded from the techniques mentioned be-
fore.

In-situ monitoring of damage is a further major criterion for an advanced aircraft health mo-
nitoring system which reduces the candidate NDT procedures to modal analysis, acoustic emis-
sion and acousto-ultrasonics. These latter procedures are also able to monitor various kinds of
damage such as fatigue cracks, BVID, delamination or may be even corrosion. Depending on
the kind and size of damage to be monitored these are the NDT procedures proposed to be con-
sidered in future health monitoring systems.

Sensor Selection

The three candidate NDT procedures modal analysis, acoustic emission and acousto-
ultrasonics are all based on monitoring stress waves. The frequency of these stress waves ran-
ge from a few Hz in modal analysis to 1 MHz in acoustic emission. Registration of these waves
is performed either using an accelerometer (especially with modal analysis) or sensors based on
either piezoelectric materials (ceramics or polymers) or optical fibres.

Traditionally acoustic emission and acousto ultrasonics testing has been performed using
sensors made of piezoelectric ceramics. These sensors are highly sensitive and either work on a
broad band or limited band/resonant basis. The working principle and different kinds of availa-
ble sensors is well described in [14,27].

Recently work has been published using sensors made of polvvinylidene fluoride (PVDF)
for either ultrasonics or acoustic emission application [28,29]. PVDF has a molecular confor-
mation of fluorine atoms opposite to hydrogen atoms along a carbon backbone. Because of the
strong electronegativity of fluorine, PVDF molecules possess a large dipole moment leading to
piezoelectric properties after processing. PVDF processing includes electrical poling, unidirec-
tional mechanical stretching and thermal treatment. The product obtained is a piezofilm with
maximum in-plane displacement sensitivity in the stretched direction as well as some out-of-
plane displacement sensitivities. The film can be tailored in its geometrical shape according to
specific needs. Its sensitivity is satisfactory when monitoring composite materials. Advantages
have to be seen in lower cost, lower mass, higher flexibility, wide-band frequency response and
high internal damping.

A lot of development work has been spent in the past years in using fibre optics for health
monitoring of engineering and especially aeronautical structures [30]. Major work has been re-
ported in [31]. Optical fibres are mainly based on silicon but may even be made of sapphire
when used in an ultra-high temperature environment (<24000 C). To obtain satisfactory reliabi-
lity of signals measured, optical fibres usually have to be integrated into the material. As this is
especially feasible with composite materials, fibre optic sensors have been used in various ex-
amples for monitoring the curing process and/or damage induced by impact or overloads. A
detailed description of fibre optics technology including its applicability to fibre optic smart
structures is given in [32].

Fibre optic sensors have several advantages compared to electronic technology such as light-
weight, all passive configurations, low power utilization, immunity to electromagnetic interfe-
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rence, high sensibility and bandwidth, compatibility with optical data transmission and proces-
sing, long lifetimes and low cost (as long as using silicon fibres). Disadvantages exist with re-
pairability as long as optical fibres have to be integrated into the material and placed according
to major occuring stresses and strains to obtain reliable data. Furthermore a lot of effort has to
be made to simplify optical signal transmission between or out of structural parts leading main-
ly in development of smaller, lower cost and less sensible optical signal clutches.

Summarizing the advantages and disadvantages of the three types of sensors leads to the fol-
lowing table:

Type of Advantage Disadvantage
Sensor

Piezoceramic Large Experience Expensive; High Mass;
No Flexibility

Piezopolymer Low Cost; Low Mass; Limited Experience;
Flexibility; Wide- Low Temperature
Band Frequency; Stability
High Internal Damping

Optical Fibre Electromagn. Immunity; Repairability; Signal
Compatible to Optical Transfer Clutches;
Data Transmission; Need for Materials/
High Temp. Stability Structures Integration

The large effort performed in development of fibre optics technology as well as in improving
performance of piezoelectric materials will certainly help to diminish the number of disadvanta-
ges mentioned above. It is therefore timely to consider the application and integration of these
sensors into smart materials and structures especially under the aspect of structure health moni-
toring.

5 THE WAY AHEAD WITH SMART STRUCTIURES TECHNOLOGY

Smart materials and structures technology has attracted increasing interest within the last ten
years. This is mainly due to looking for new areas in materials research and the need for inte-
grating highly developed areas of technology to smart structures or systems.

Smart structures technology is sometimes simply characterized to be the combination of
structures or even materials with electronics. Looking at smart structures technology in more
detail however leads to the conclusion that much more disciplines are included such as data
processing and infornatics, sensor technology, NDT, dynamics, chemistry, biomechanics and
many others. It is therefore not astonishing when a lot of disciplines use the expression 'smart'
for thdi techniques as soon as they have developed a strong interaction with other disciplines
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and have proven that their technique includes at least two of the three elements sensor, control-
ler and actuator mainly used for characterizing smart materials and structures.

Structure health monitoring systems is one of the candidate applications suitable for introdu-
cing smart structure technology [33]. In their actual stage structure health monitoring systems
consist of sensors and sensor data processing and are limited to monitoring loads and evaluating
damage. Technology however exists for in-situ monitoring of damage even though its applica-
bility is still limited to on-ground inspection. Fig. 12 shows on the upper half the sequence of
systems interacting during a conventional structure health monitoring process. The lower part
of Fig. 12 shows how smart structures technology can help to make a health monitoring system
smart.

Structure Health Monitoring :Active/Adaptive
Structures

corwe~~~n.,' ow' e ~ Dt e

Mi'roeiecwonics I4

S~rt Smart Acte DamageSat Material Sensor W.e lNM SUl

Fig.12: How Structure Health Monitoring Can Get Smarter

Smart health monitoring can be performed by using a smart material for structural compo-
nents. This might not be the initial step for developing such a system but smart materials with
intrinsic functions such as emitting specific noise or influencing magnetic or electric properties
as a consequence of occuring damage is a large field worth to be considered. Such ideas have
been recently reported in [34].

Another area which can highly contribute to smart systems is electronics and microsystems
leading to miniaturized smart sensors with integrated data preprocessing, amplification or filte-
ring capabilities [35].

Data processing or generally informatics is a large area with a high potential of development.
Data bases have become very popular and well established for collecting, storing and analysis
of very large quantities of data. Use of data bases is especially important when the damaging
process is highly difficult to describe. An example is corrosion monitoring in aircraft structures
where continuous registration of inspection results can help to predict or better even prevent
corrosion. An area where data bases might also be used is pattern recognition.
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Another recently emerging area in informatics is neural networks. Neural networks are adap-
tive information processing systems inspired by brain research. They are conceptually different

to programmed computing and are used for sensor signal processing. Fig. 13 shows a schematic

description of a neural network. The a,
network is composed of different la- au
yers where each layer can contain
several nodes. The nodes in the hid- a W f( OO
den layers represent activating func-
tions while the connections from; a, "
and to the hidden layers serve for a, 01 = f (,w, a.)

transmission of the signal being ei-
ther amplified, attenuated or inhibi-
ted by a weighting factor. These OUTPUT PATTERN

weighting factors have to be deter-
mined by training the neural net-
work. Based on measured sensor si- OUTPUT LAVER

gnals of an input the network is then
capable of identifying the condition
of the structure with high probabili-
ty. Detailed description on neural EN L.E Rm"nm ,
network technology can be found in
[361. Neural networks are highly
useful when thinking of monitoring
complex aircraft structures where a
cofrelaton between measured sen- INPUT LAYER

sor signals and structural behaviour
mainly turns out to be impossible by INPUT PATTERN

standard numerical means.

Fg.13: Schematic Descripton of a Neural Network [36]

A third technology within informatics science useful for smart structures is fuzzy logic. Fuz-
zy logic is the concept or method to take into account uncertainty and impreciseness in input
data in mathematical models. There are three ways how ni model this being based on:

a) stochastics as long as the given conditions characterizing the situation do not uniquely de-
termine the result being expected,

b) interval mathematics when it is not exactly known what happened because of lack in in

formation,

c) methods to find out the semantic contents of verbally expressed messages (e.g. tall person,

low speed, high profit).

More detailed descriptions of fuzzy logic techniques are given in [37,38].

When tying to include fuzzy logic into aircraft health monitoring systems different applica-
tions are of interest. One application is to improve the etimation of structural behaviour by ma-
king better use of available sensor data. Another application is analysis of inspection reports
where verbal notes can be included into an evaluation proceab (e.g. corrosion monitoring).

I '
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An aspect which even gives a smart health monitoring system an active component is active
damaae suopression. One example could be limiting flight manoeuvers after battle damage in
military aircraft. Another example could be changing the geometrical shape of a structural part
in the sense of active/adaptive structures to reduce or even stop damage propagation in dama-
ged zones of the structure. A third example could be avoidance of acoustic fatigue by including
active elements (e.g. piezoelectric actuators) into structural components.

These various options of making a structure health monitoring system smart including all
technology available are certainly difficult to be realized in a short period of time. Some believe
a fully smart aircraft structure capable of sensing damage over every square centimeter of its
surface will not be available earlier than the year 2040 [39]. The authors'optinion is however
that a smart health monitoring system could be delivered earlier on a lower technological but
sill highly beneficial level if development would gradually follow a sequence of steps. Starting
with a first step which includes decision of applied NDT procedure and sensors and demonstra-
tion of feasibility, each of the following steps equals the introduction of one or few of the smart
structure technology options mentioned before. An example of such a sequence of steps can be
as follows:

Step 1: Decide Kind of Damage to be Monitored

There are two kinds of materials mainly used in aircraft structures - metals and metal or po-
lymer matrix composites. When ranking these kinds of materials in view of smart structures,
composite materials should be favourized because of their better capability in integrating sen-
sors or sensor functions and possibly even actuators. The most beneficial damage to be monito-
red is delaminations and here especially BVID.

Feasibility of such a system should be shown by simply bonding sensors on the surface of
aircraft structural components. Electronics and data processing units should be taken "from the
shelf" not considering any kind of miniaturisation. Examples being at this stage of development
include those reported in [15-20] and a little more advanced in [26].

Step 2: Integration of Sensor Actuator into the Structural Material

There is a number of problems to be solved within this step which includes:

- Repair of Sensors and Actuators

If repairability is not possible low cost sensors/actuators have to be selected allowing to inte-
grate more sensors/actuators into the structure for redundancy.

- Environmental Stability

Sensors/actuators have to withstand the curing process (temperature up to 1800 C, pressure
up to 7 bar during 10 hours) in polymer matrix composites.

-Interface

It must be ascertained that strains are linearly and preferably fully transfered from the struc-
ture/actuator to the sensor/structure. This requires much care on the interface between sen-
so/actuator and the structure.
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- Structural Integrity

It has to be proved that the integrated sensors/actuators do not affect structural integrity in
respect of strength. If this occurs possibilities for miniaturisation and/or improved materials of
sensors/actuators have to be identified.

Electronics and data processing units should be handled as described for step 1. Various ex-
amples in the area of fibre optics can be placed on this step of development where a very intere-
sting example for aircraft applications is given in [30].

Step 3: Miniatrizaton

This step should include miniaturizaton of electronics and data processing units as far as
possible using microelectronics and micromachines and placing them close to the sen-
sor/actuator. Data preprocessing should be performed close to the sensor using smart sensors.
Electrical signals should be converted to optical signals to minimize EMI problems. As a result
of this miniaturization and structure-integrated electronics the following requirements should be
fulfilled.

- Electronic components, wires, sensors and actuators should not increase structural weight
when compared to the original structure.

- The smart health monitoring system should not lead to a reduction in aircraft reliability and
lead to reduced inspection cost.

- Structure integrated electronics should consider the problems already mentioned with sen-
sors/actuators under step 2.

Step 4: Use of Advanced Data Processing Techniques

Data bases for structure health monitoring purposes can be used for storing signal patterns
resulting from acoustic emission signals, vibration modes, loads, temperatures or any other pa-
rameter. These data bases can then be used for pattern recognition purposes.

Neural networks as described above will be applied for monitoring a structural component in
real time even with uncomplete data.

Fuzzy logic will be implemented either in a main data processing unit or even in micropro-
cessors close to or integrated into smart sensors.

Summarizing data base, neural networks and fuzzy logic technique can finally lead to an ar-
tificial intelligence system ready for use in a smart structure health monitoring system.

Step 5: Second Generation of Miniaturization

This is certainly the most far reaching step. It includes the introduction of smart materials
with intrinsic sensor and actuator functions on a molecular basis. It is difficult to mention requi-
rements for or problems with these materials at this stage because development in the area of
this kind of materials has just started.

In addition to these steps there are some further aspects to be considered. All smart structure
technology applied within these steps has to leave the laboratory stage. It has to be applied to
real aeronautical structures with geometrical discontinuities, tested in-flight and qualified for

.1



17-17

airworthiness. This requires a significant amount of development work and time. It is therefore
advisable to concentrate smart structure health monitoring on components with high inspection
cost.

6 CONCLUSION

It is unquestioned that aircraft structure health monitoring is of significant importance in re-
spect of direct operating or life cycle cost. Existing loads monitoring systems are a first step to
monitor if aircraft have flown according to their design load-spectra or not. The output of such
systems can lead to either shorter or longer inspection intervals.

Actual security factors in aircraft design take into account scatter in materials properties as
well as lack in knowledge of damage behaviour, the latter being especially related to composite
materials. One of the major objectives with smart health monitoring systems is to improve de-

tection of damage leading to an increase in security factor or in other words allowing to reduce
overdesign and saving weight without change in the initial security factor. It therefore seems
highly promising to start with developing smart health monitoring systems for composite struc-
tures where damage is monitored in-situ and on-board the aircraft. Candidate NDT procedures
are modal analysis, acoustic emission and acousto-ultrasonics.

Even though smart structures technology which includes materials science, electronics, mic-
rosystems and informatics is still in an early stage of development it is already timely to consi-
der this technology in the field of practical application such as structure health monitoring sy-
stems. A gradual (stepwise) change from existing loads monitoring to smart health monitoring
systems seems to be the best way for introducing smart structures technology in short term.
This can well be achieved by a fruitfull cooperation of people, sciences, organisations and na-
tions being the major driving force for research and development.
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Abstract

Structural health monitoring on military aircraft is currently carried out
via strain gauges attached to the surface of the aircraft structure. A
parametric system based exclusively on flight parameters is being developed
for use on EFA. Both of these systems monitor the airframe fatigue life.

With the emergence of Smart Structures technology a new method of
structural health monitoring is feasible that has perceived advantages over
the current technology. This paper describes how fibre optics embedded
within a composite laminate can be used to monitor strains within the
aircraft structure, and hence its fatigue life. Embedded fibre optics can
be used to monitor sustained damage - battle or low velocity impact
damage, give a full flight history and, with diagnostic capability,
unconditioned maintenance would be available.

1.0 Introduction

Current structural health monitoring on combat aircraft covers fatigue
monitoring and flight envelope exceedance monitoring. Generally the
monitoring is carried out using a fatigue meter located close to the CG of
the aircraft, and analysis carried out after the flight. Newer techniques
involve using a strain gauge system, originally with recorded data, but now
moving towards 'real time' processing during flight. The aim is to progress
towards a fleetvide monitoring system.

In 1978 Butter and Hocker published details of a fibre optic strain gauge
[1], which formed the basis of a new measuring technique that has been
adopted by a number of engineering disciplines. The research that has been
carried out since 1978 shows that 'real time' strain monitoring with fibre
optics is feasible, and in addition, fibre optics have been shown to
measure strain when embedded in composite laminates. Combining these two
factors there is the potential to use embedded fibre optics as a structural
health monitoring system.

This paper describes current fatigue monitoring techniques, referencing
systems used on Tornado, Harrier and the proposed parametric Structural
Health Monitoring (SHM) system for EFA. A review of fibre optic sensors is
undertaken, and how these can be used for monitoring the strains within an
aircraft structure. Finally the use of fibre optics for damage assessment
purposes and inspection techniques is discussed.
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2.0 Current Structural Health Monitoring Techniques

Structural health monitoring of aircraft is carried out in order to give
the user knowledge of fatigue loadings on the structure, which could lead
to an increased service life, or increased safety. This is particularly
true for envelope exceedance monitoring.

As mentioned above, the common method of fatigue monitoring is by recording
data from a 'g' meter, located near the centre of gravity of the aircraft.
This data is analysed on the ground after the flight and the fatigue life
and damage calculated at this point. The drawbacks of this system are that
only the structure using parameters directly related to vertical 'g' can be
monitored. However the system is cost effective and reliable, and with a
few exceptions (two particular cases are reviewed in Section 2.1 below),
has proved sufficient. With the advances in microprocessors and strain
gauges in recent years it has been possible to re-examine fatigue
monitoring, and Sections 2.2-2.4 discusses how these advances have led to
new types of structural health monitoring on Tornado, Harrier, and the
proposed monitoring system for EFA.

2.1 Fatigue Monitoring of Jaguar and Jet Provost

Following the completion of the Jaguar fatigue test, cracks were discovered
in the main fin to fuselage attachment frame. The base requirement for the
Jaguar had been fulfilled, but subsequently there was a requirement for an
extended fatigue life. To achieve this a limited fatigue monitoring
exercise was undertaken [2]. Two aircraft were monitored using three strain
gauge bridges, true airspeed and altitude. The three gauges were mounted to
measure the fin shear and torque, and the fuselage frame end loads at the
fin centre spar position. The aircraft was then calibrated (loads and
electrical) and returned to the RAF. The data was analysed by BAe and
showed the primary fatigue loading was due to atmospheric turbulence at low
levels. They also were able to determine a seasonal effect, with highest
damage occurring over the winter months. This resulted in more efficient
fleet management.

Monitoring of the Jet Provost was carried out using a fatigue meter, flying
log and mission profile data. This method proved sufficient for 22 years,
when an incident (failure of the fin spar booms and web) occurred which
highlighted the need for empennage monitoring [2]. Strain gauge bridges
were used to monitor fin and tailplane loading and transducers were used to
monitor altitude, airspeed, normal and lateral acceleration. The results
showed that actual fin loading was more severe than estimated, and
highlighted the need for a more comprehensive fatigue monitoring system.

2.2 Structural Usage Montoring System (SUMS)

In order to give an improved knowledge of operational fatigue loading and
its' effect on the aircraft fatigue life, an extensive fatigue monitoring
system was installed on a number of Tornado aircraft [3]. Ten aircraft were
allocated from the fleet, six Strike and four trainer aircraft. 67 strain
gauge bridges, sampled at 512 samples per second (sps), are used to monitor
18 loading actions, (see Figure 1), as describgd below
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o wing bending moment at four stations
o wing shear at three stations
o wing torsion at three stations
o fin and taileron root shear force, bending moment and torsion
o front and rear fuselage vertical bending moment

The recorded data is analysed by BAe and gives comparisons between fatigue
meter data and strain gauges; hot spot strain histories are compared with
gauges mounted on the MAFT (main airframe fatigue test); and the damage per
flight load given by time-history traces are compared with those calculated
from the fatigue meter. This information is used by the customer to improve
fleet management of the Tornado.

2.3 Fatigue Monitoring and Computer System (FMCS)

Developed for fleetwide use on the Harrier GR7, it is an updated version of
SUMS. There are sixteen bridges that monitor the loads on the wing
pick-ups, fuselage, fin, tailplane and wing. Data is sampled at 2000sps and
analysed during flight. An example of this is damage, pylon status,
position and status of airbrake, flaps, and nozzles. Envelope exceedance is
also monitored and raw flight data recorded for operational load
measurement.

The cost of development of the system has been high, but lifecycle costs
will be reduced significantly by processing the information during the
flight and carrying out the necessary life calculations to automatically
produce fatigue index values and supplementary information after the
flight.

2.4 Parametric System

One of the systems, for use on EFA, is based exclusively on flight
parameters to calculate structural loads in real-time and in turn fatigue
data (see Figure 2). The damage is monitored at ten locations on the
airframe, similar to those mentioned for Tornado and Harrier. In addition
to fatigue monitoring, the following are monitored:

o g and roll rate
o Altitude cycling monitoring
o Buffet monitoring
o Event monitoring

and calculations include determining the total stress at each of the
monitoring locations, detection of turning points, envelope monitoring,
damage calculations (including cumulative damage from first flight) and the
frequency of occurrence matrix.

As can be seen SHM has advanced considerably since the monitoring of the
Jaguar and Jet Provost. To replace these systems with a fibre optic sensing
system capable of SHM there must be the potential to give equivalent
returns.
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3.0 Fibre Optic Sensing Techniques

Since Smart Structures has emerged as a technology there has been a
considerable amount of discussion concerning the potential of using fibre
optics, adaptable materials and conformal arrays to create a stealthy,
adaptive, 'thinking' aircraft. This maybe possible in the 21st Century, but
there are some shorter term realisable gains, such as using fibre optics
embedded within (or surface mounted on) a structure to form a sensing
system for damage assessment, strain monitoring and envelope exceedance.

3.1 The Building Blocks

In order to be able to install a structural health monitoring system in an
aircraft there are certain building blocks that have to be put in place.
This paper will not discuss each one in detail, but will highlight each
area in order to give an overview. To cover all aspects the case of a fibre
optic sensing system embedded within a composite structure will be taken.

3.1.1 Fibre Optic Sensors

There are currently a number of fibre optic strain sensors that are
commercially available and manufactured specifically for use within
composite materials. They come from a class of sensor known as
interferometers which are extremely sensitive and are therefore ideal for
measuring relatively small changes in strain such as those experienced
within an aircraft structure. The principal of interferometers is to sense
a change in phase within the fibre which is caused by some external
perturbation. Common types of interferometers are

o Mach-Zehnder
o Michelson
o Fabry-Perot
o Bragg Gratings

Other types of fibre optic sensors available are:

o Twin Core, and
o Polarimetric

The majority of these sensors are point sensors, although quasi-distributed
sensors can be manufactured by engineering a number of sensors along the
same length of fibre optic [41 (see Figure 3). It is assumed that this type
of sensor will be used for strain monitoring within a structure,as
discussed in Section 3.2 below.

3.1.2 Manufacturing

A number of components have to be taken into account within this section,
and they are listed briefly below:

o The laying in of the fibre optic has to be done accurately,
especially if the fibre optics are laid down in a pattern to sense
directional strain and / or damage. The simplest solution to this

!I
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is automation, although this will in turn mean a considerable
capital outlay.

o To accurately determine the position (laterally and vertically) of
the fibre optics within the laminate sophisticated NDT techniques
have to be employed.

o Techniques have to be developed to ensure that the fibre optics
withstood the rigours of manufacture because fibre optic breakage
would be unacceptable.

3.1.3 Connectors and Multiplexing

For any type of sensing system, be it optical or not, the connection from
the laminate to the outside environment has to be examined in great detail.
It must be capable of integrating into the laminate without degrading the
properties of the structure and in addition it must be capable of
withstanding production, test, assembly and finally a service life of
thirty years!

Multiplexing or de-multiplexing must consider this possibility - ten fibre
optics being brought out of one connector, five sensors per fibre optic,
which would mean information from fifty sensors being handled at any one
point in time.

3.1.4 Data Processing

There are a number of fields of thought on the types of data processing
that will be required for a complete SHM system. There will be a large
amount of data output from the sensors, and this could lend itself to
neural networking or data transfusion and various computational techniques.
It should be pointed that out that current space available within military
aircraft is limited and therefore any system chosen should integrate into
the architecture already there.

However, with the move from 'fly-by-wire' to 'fly-by-light' systems within
future military aircraft, utilising fibre optics as sensors has particular
attraction.

3.2 Strain Monitoring

There are certain advantages that are apparent from using fibre optics,
namely:

o they can cover a greater area of the structure
o they are not prone to electrical interference
o because they are embedded they are not prone to accidental damage.

The main disadvantage is that it is unlikely that fibre optics will be
repairable, and so the design and redundancy aspect has to be examined. In
addition, a detailed calibration of a fibre optic sensing system would be

. .. . . . .. . .
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required. Since the constraints of an aircraft production run will only
allow a limited number of aircraft to undergo a detailed calibration, the
output of the optical gauges should be controllable and subject to minimum
scatter.

To implement a SHM system on an aircraft using fibre optics as strain
sensors would need a combination of both surface mounted and embedded
sensors. At present, composite components such as a wing, are not monitored
because of their reduced susceptibility to fatigue damage. Flight loads are
monitored, and this is done by attaching strain gauges to the metallic
components within a wing (ie spars) because of the inherent problems of
gauging composite structures (bonding and strain distribution through
composites). Using embedded fibre optics would enable the flight loads to
be taken directly from the composite structure, and by covering a greater
area more data could be obtained or the loading spectrum at different
positions on the structure could be examined.

It would still be necessary to monitor metallic components for fatigue
damage, and this could be done by surface mounting fibre optic strain
sensors, or using transfer functions to read across from adjoining
composite structures.

An example of how fibre optics would be laid into a wing structure to
monitor strains can be seen in Figure 4. Sampling rates should be in the
region of 550sps, and so the interrogation equipment must be able to handle
the amount of data this will create.

3.3 Damage Assessment

Combined with a strain monitoring system, a damage assessment system will
take the form of a grid or pattern laid through the laminate. The fibres
must be able to sense typical in-service damage levels which could be done
two ways - using fibre optics to sense delamination, or using the simple
light / no-light approach. Figure 5 shows a possible damage detection
system embedded within a taileron structure.

3.4 Unconditioned Maintenance

This refers to a novel inspection technique that would reduce some of the
inspection times and highlight problem areas. The idea is to have a
'plug-in' type system linked to a network of fibre optics that would be
used on the ground at service intervals, and so reduce the amount of
visual inspection required. The system could also highlight areas of damage
on the inner surface, that would not be detected otherwise unless a full
NDT of the structure was carried out.

4.0 Concluding Remarks

Structural health monitoring has progressed significantly since monitoring
of the Jet Provost. The most recently designed systems are capable of
monitoring up to sixteen locations, and processing the information in
'real-time' to give the fatigue life of the aircraft, the damage incurred,
operational load measurement and envelope exceedance. This all leads to
more efficient fleet management and enhanced operational safety.
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Fibre optics have the potential to be used to monitor the structure, both
for strains and damage, and have a number of advantages over current
systems. The ability to cover a greater area will give increased knowledge
of the structure, and this can be combined with a comprehensive system to
monitor damage so that repairs can be carried out at the earliest
opportunity. It is these advantages over the current systems that make the
use of fibre optics sensors attractive.
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Abstract

A neural network is trained to report the position of a fault in a framework structure. It

is shown that a network trained on data from Finite Element simulation of the structure can

successfully locate faults in the framework itself.

Nomenclature

J7 Network error function

f Node transfer function

wii : Connection weight from i to j

Zi :Output from node i in a layer

y• :i'h desired output

i : Oth network output

zi :Activation for node i

a Network momentum coefficient

17 : Network learning coefficient

09i : Network parameters

6, ; Error at output i

1 Introduction

The problem of fault detection or location on the basis of measured data is essentially one

of pattern recognition; data from an undamaged system must be distinguishable from data

from a system with a fault. In traditional approaches to pattern recognition, a significant

amount of preprocessing may be necessary; appropriate 'features' must be extracted from the

raw measured data which allow the separation of data sets into meaningful disjoint classes.

Determination of the appropriate features can be regarded as the fundamental problem. Neural

networks have recently been established as a powerful aid to pattern recognition, in that they

offer the possibility of bypassing the explicit feature extraction by allowing the formation of

internal representations of classes within the network when trained on raw measured data [101.

In the area of fault detection and location, pattern recognition techniques have been pursued

for some time, many based on the approach of Cawley and Adams [41 who considered the natural
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frequencies of a system to be a reliable indicator of fault presence and location; a recent example

of this approach is [9]. Only recently have neural networks attracted attention as a possible

technique for fault detection. Wu et al [13] demonstrate a damage detecting network trained

on measured Frequency Response Functions (FRF's) from the system. In both these cases a

basic Multi-Layer Perceptron (MLP) network was used with the backpropagation method of

training. An interesting approach to signal classification is reported in the work of Barschdorff

and Bothe [1] [2], where a self-organising network is used which has much faster convergence

properties than backpropagation; the network used shows strong similarities with the Radial

Basis Function networks of Chen and Billings [5]. A neural network approach to fault detection

via the classification of nonlinear systems is demonstrated in [11] and [12].

The present study is motivated by the work of Kudva et al [6] who showed that a neural

network can be used to locate and quantify damage in a plate structure, the network was trained

on strain data for various locations on the structure obtained from finite-element analysis. In

order to facilitate understanding of the network techniques a simpler structure was adopted

here. The use of a framework structure allows the problem of fault location to be reduced to a

discrete one. The work of Kudva et al is extended in that a network trained on Finite Element

data is shown to successfully locate faults in an experimental structure.

2 The Multi-Layer Perceptron (MCP)

The neural network paradigm used here is the Multi-Layer Perceptron (MLP). For the sake of

completeness, a brief description of the MLP is given here; for a more detailed discussion, the

reader is referred to [3] or the seminal work [8].

The MLP is simply a collection of connected processing elements called nodes arranged

together in layers (Figure 1). A set of signal values pass into the input layer nodes, progress

forward through the network hidden layers and the result finally emerges through the output

layer. Each node i is connected to each node j in the preceding and following layers through a

connection of weight wi. Signals pass through the node as follows: a weighted sum is performed

at i of all the signals xj from the preceding layer, giving the excitation zi of the node; this is

then passed through a nonlinear activation function f to emerge as the output of the node xi

to the next layer i.e.

Xi+ = f(E-Wij Xi)

Various choices for the function f are possible, the one adopted here is the hyperbolic tangent

function f(r) = tanh(z). One node of the network, the bias node is special in that it is connected

to all other nodes in the hidden and output layers, the output of the bias node is held constant

throughout in order to allow constant offsets in the excitations zi of each node.

The first stage of using a network to model an input-output system is to establish the

appropriate values for the connection weights wj. This is the training or learning phase. The

type of training adopted here is a form of supervised learning and makes use of a set of network

i

JI
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inputs for which the desired network outputs are known. At each training step, a set of inputs

are passed forward through the network yielding trial outputs which are then compared to

the desired outputs. If the comparison error is considered small enough, the weights are not

adjusted. If however a significant error is obtained, the error is passed backwards through the

net and a training algorithm uses the error to adjust the connection weights. The algorithm

used in this work is the backpropagation algorithm which can be summed up briefly as follows.

For each presentation of a training set, a measure J of the network error is evaluated where

1 0 y() -
J(t) = - P

j=1

and n(') is the number of output layer nodes. J is implicitly a function of the network parameters

J = J(0 1, . .. , 0.) where the 0i are the connection weights ordered in some way. The integer

t labels the presentation order of the training sets After a presentation of a training set, the

standard steepest descent algorithm requires an adjustment of the parameters

81

where Vi is the gradient operator in the parameter space. The parameter 71 determines how

large a step is made in the direction of steepest descent and therefore how quickly the optimum

parameters are obtained. For this reason il is called the learning coefficient. Detailed analysis

[11] gives the update rule after the presentation of a training set

wý!n)(t) = W!!7)(t _ 1) + qb!m)(t)xý- l) (t)

where 6•") is the error in the output of the ith node in layer m. This error is not known a

priori but must be constructed from the known errors 6!1) = y, - Pi at the output layer. This

is the source of the name backpropagation, the weights must be adjusted layer by layer moving

backwards from the output layer.

There is little guidance in the literature as to what the learning coefficient T should be; if

it is taken too small, convergence to the correct parameters may take an extremely long time.

However, if i is made large, learning is much more rapid but the parameters may diverge or

oscillate. One way around this problem is to introduce a momentum term into the update rule

so that previous updates persist for a while, i.e.

Aw!"n(t) = 01!$)(t)xr-1)(t) + a/wý7)(t - 1)

where a is termed the momenturni coefficient. The effect of this additional term is to damp out

high frequency variations in the backpropagated error signal. The variant of the algorithm used

for network training throughout this paper makes use of a momentum term.

Once the comparison error is reduced to an acceptable level over the whole training set,

the training phase ends and the network is established. The networks used for this study were



19-4

designed and trained using the NeuralWorks Professional II package produced by NeuralWare

Ltd [7].

3 The Framework Structure

The experimental structure (Figure 2), was an essentially two-dimensional cantilever latticework,

mounted rigidly to a support at one end with its major axis horizontal and minor axis vertical,

and measuring approximately lm x 0.25m. The lattice was comprised in total of nineteen

members, arranged into four equally-sized cross-braced square bays. Each member was made

from 1" x 1/4" aluminium strip, and all joints were overlapped and pinned with shanked silver

steel bolts in reamed holes. The overlapping of members was arranged to minimise the third

dimension of the structure, and spacers were used where necessary.

Strain gauges were attached axially at mid-span to both sides of all the horizontal and
vertical members, totalling twenty-four gauges in all. Arrangement was made for the readings

from gauges on opposite sides of the same member to be averaged to eliminate the effects of

bending and twisting in the third (horizontal) dimension.

The structure was loaded via a stirrup hanger and weight pan which could be attached to any

of the eight pin joints. Throughout the experimental procedure, a pre-load of 5kg was applied

to the lower of the two pin joints most distant from the support.

With all cross members in place, three loads of 10, 20 and 30kg were applied consecutively

to each of the eight pin joints. For each load case, the averaged reading (in microstrains) from

each strain gauge pair was recorded (twelve readings in all). This resulted in a reference data

set describing the strains in the structure with all cross members intact. The measurement

procedure was then repeated for the twenty-four load cases with each of the cross members

removed in turn, resulting in a further eight data sets describing the strains in the structure

with a differing cross member removed. In all cases, the readings from the strain gauges were

adjusted to give zero for the preloaded structure before the application of the loads.

4 Finite Element Data

A Finite Element (FE) simulation of the framework was established using the package LUSAS.

Removal of a member was simulated by giving a very low Young's modulus for that member i.e.
a value of 1 Nmm-2 was used compared to 70000 Nmm- 2 for the 'intact' members. A UNIX

shell script was used to automate the running of the LUSAS program for all the required fault

conditions and load cases. For each fault condition, a 'background' strain pattern was obtained

for the framework subjected only to the preload. These background strains were then removed

from each of the data sets in order to model the fact that the experimental strain gauges were

set to read zero in the preloaded configuration.

A comparison between the measured strains and those predicted by the FE model showed

excellent agreement as to the relative sizes of the strains within each pattern of 12 strains.

However, there occurred a slight mismatch between the overall scales of the experimental and
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FE data. This was attributed to inadequate temperature compensation.

When the neural network is trained, the set of strain measurements for a given load case and

fault condition are presented to the input layer. In any neural network application it is necessary

to scale the data; if a hyperbolic tangent transfer function is used, the whole training data set

for a given input node is usually mapped onto the interval [-1, 1]. This means that the scale

mismatch described above between the measured and FE data is unimportant, scale information

is discarded. With this in mind, a measured strain pattern together with the corresponding FE

prediction is presented in Figure 3; the patterns have been adjusted so that the maximum strain

in a given pattern is unity. The agreement between the strain patterns is quite good. This

instils a certain amount of confidence in the strategy adopted here which is to train the network

on FE generated data and apply the resulting structure to the experimental data.

5 The Location Network

The first problem in any network application is to establish the correct network structure. In

this case, the input data are the sets of twelve measured strains; this fixes the number of units

in the input layer. The outputs of the network were required to signal which member was

missing. For this reason, eight outputs were used, each corresponding to a possible missing

member. Outputs 1 to 8 were chosen to represent members 9 to 16 respectively (Figure 2).

With this configuration, the network was trained to produce a unit response at the output

corresponding to the missing member when presented with the appropriate set of strains, and

zero at all other outputs. The numbers of hidden layers and nodes in each layer are not fixed by

the problem. Very little guidance is available on how to establish the optimum dimensions for

neural networks; a trial and error approach is usually adopted. In this case, preliminary trials

showed that excellent results could be obtained if three hidden layers were used with twelve,

twelve and eight nodes respectively (Figure 4).

6 Results

The preliminary study mentioned in the previous section used FE simulation data for the frame-

work without preload. The training data constituted 192 siets of 12 strains. (8 fault conditions x

8 load positions x 3 load intensities). During training the strain sets were presented in random

order to the network. It was judged that the network had acheived an acceptably small error

after approximately 50000 presentations. Time-varying learning and momentum coefficients

were chosen, i.e. for the connections to the first hidden layer, the initial values were 0.5 and 0.6

respectively to give fast learning in the early phase of learning; these values fell to 0.1 and 0.2

towards the end of training to allow 'fine-tuning' of the parameters. Similar values were used

for the other layers.

To test the network the training sets were presented and the resulting outputs were plotted

as in Figure 5. This figure requires some explanation. The input patterns are presented in order

so that the patterns corresponding to the removal of member 9 appear first, followed by those
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generated by the removal of member 10 etc. Each subgraph of Figure 5 shows the response of

a given output node to the presentation of this ordered array of the training sets. As output

1 is required to signal the removal of member 9, the desired response should be unity over

the first 24 points of the graph and zero elsewhere, as indicated by the solid line in the first

subgraph of Figure 4. The dotted line shows the actual response of the network which is in good

correspondence with the desired results. Similarly, output 2 should be unity over points 25 to

48 which label the presentation of those data sets obtained when member 10 was missing, and

so on.

The network is used in the following way: when a strain pattern is presented, the highest

of the outputs is taken to signal the fault condition i.e. if output 6 is highest, it is assumed

that member 14 is missing. Another simple measure of the network accuracy is provided by the

location matriz which is defined as follows. The average response of each output i = 1, . . ., 8 is

taken when all strain patterns corresponding to a given fault condition j = 1,..., 8 are presented

in the order described above. For each fault, the set of averages is scaled so that the largest is

unity and the numbers are entered into the jth row of the matrix. It is clear that a perfectly

trained network will produce in this way the unit matrix. Table 1 shows the location matrix for

the network described above. The zero elements of the matrix are shown as dashes to improve

the clarity of the results.

Member Output node

removed 1 213 14 5 161 718
9 1.0 - - - - - - -

10 - 1.0 - - - 0.1 - 0.1

11 1.0 0.1 - - 0.2 0.1

12 - 0.1 1.0 -0.1 0.1 0.1 0.5

13 - - - 1.0 - - -

14 - 0.1 0.1 -0.1 - 1.0 - 0.1

15 - - 0.2 0.1 - - 1.0

16 -0.1 0.1 0.5 -0.1 - 0.1 1.0

Table 1: Location matrix for Finite Element data - no preload.

An unambiguous diagnosis of the fault location is obtained throughout. Note that there are

high values off the diagonal in rows 4 and 8. This is because the corresponding members are

those furthest from the support. These members experience the smallest measured strains and

their removal affects the framework least; as a result the network has more difficulty establishing

that these members are missing.

The network structure was then trained on the FE simulation data with the preload added

and subsequently compensated for. This data is supposed to represent the experiment. The

resulting location matrix is given in Table 2 and a graphical comparison between the ideal and

network outputs is given in Figure 6. As one might expect, the results are very similar to those

obtained for the framework without preload.
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Member Output node D
removedi 1 12_1_3 T 41 5 6 171 8D

9 1.0 - - - -0.1 - - -

10 - 1.0 - - - 0.1 - -

11 - 1.0 0.1 - - 0.3 0.1
12 - - 0.1 1.0 - - 0.1 0.6
13 -0.1 - 1.0 - - -

14 - 0.2 - 1.0 - -0.1
15 0.3 0.1 - - 1.0 -16 0.1 0.5 - -0.1 0.1 1.0

Table 2: Location matrix for FE data - network trained on noise-free data.

Having established the diagnostic network, the validation exercise is repeated using the
ezperimenial data. The results are given in Table 3 and Figure 7. In six out of the eight cases,

the network correctly reports which member is missing.

Member Output node
removed 1 1 2 1 3 [4 6 7[ 8

9 1.0 - - - -0.1 - - -

10 1.0 0.4 - 0.1 -0.1 0.2 - 0.1
11 0.2 - 1.0 0.2 - 0.6 0.4 0.1

12 0.1 0.1 0.2 1.0 - 0.6 0.5 0.4
13 -0.1 -0.1 0.4 0.3 1.0 - 0.6 0.2
14 0.4 -0.1 0.1 - - 1.0 0.1 -0.1
15 0.8 0.1 - 0.2 -0.1 0.5 1.0 0.1
16 1.0 0.1 0.5 -0.2 0.5 0.1 0.3

Table 3: Location matrix for experiment data - network trained on noise-free data.

One of the reasons for the misclassifications is that the network has been trained on ideal

noise-free data. The experimental data however, is corrupted by noise. One source of uncer-
tainty in the experimental data sets is caused by the sensitivity of the strain gauges to variation

in temperature. Some compensation for this effect is made by using a reference strain gauge.

Another source of error is the digitisation of the analogue strains. The output of the instru-

mentation is quantised in units of one microstrain; as some of the measured strains are of the

order of microstrains this effect is serious. In order to avoid the problem of noise corruption,
the network was trained to signal the fault location even when presented with corrupted strain

data. 100 copies of each strain pattern were generated, each with a noise pattern of rms 1.0

microstrain superimposed. After training the network gave the results shown in Table 4 and

Figure 8 when presented with the noise-free FE data.



19-8

Member Output node
removed 1 1 2 1 3 4 5 6 1[7 1 8

9 1.0 - - - -0.1
10 - 1.0 - - - -0.1 0.1
11 - 0.1 1.0 0.2 - 0.1 0.2 0.2
12 - 0.1 0.3 1.0 - - 0.2 0.5
13 -0.1 - - - 1.0 - -

14 - -0.1 0.1 - - 1.0 0.1
15 - 0.1 0.2 0.1 - 0.1 1.0 0.2
16 - 0.1 0.2 0.5 0.1 0.2 1.0

Table 4: Location matrix for FE data - network trained on noisy data.

The results are almost identical to those obtained from the network trained on noise-free

data. However, when the experimental data was presented to the network, the results (Table 5
and Figure 9) show an improvement.

Member f Output node
removed 1 2 i314 1 5 1617_8

9 1.0 - - 0.1 -0.1 - - -

10 0.1 1.0 - 0.1 - - 0.1 0.1
11 0.3 -0.2 1.0 0.5 -0.1 0.8 - 0.3
12 0.3 - 0.1 1.0 -0.1 0.3 0.1 0.2
13 -0.1 - 0.2 1.0 -

14 0.4 -0.1 0.1 -0.1 1.0 - -

15 0.3 - 0.1 0.3 -0.1 0.2 1.0 0.2
16 1.0 - 0.2 0.3 -0.1 0.2 0.2 0.3

Table 5: Location matrix for experimental data - network trained on noisy data.

A correct diagnosis is obtained in seven out of eight cases. This shows clearly that the net-
works must be trained to disregard small disturbances in the strain patterns due to measurement

noise.
The difficulty in identifying the removal of members 12 and 16 has been attributed to the

fact that they experience small strains throughout the experiment. This is purely due to the
fact that the gauge readings are zeroed after the application of the preload. If the zero level
is fixed before preloading, the average strain levels in members 12 and 16 is increased. If the

arguments above are correct, a better diagnosis will be obtained if the background strains due
to the preload are allowed to remain. In order to test this, strain patterns were generated with
the preload pattern superimposed. The network was trained and tested on this (clean) data

and gave the results shown in Table 6 and Figure 10. The results are considerably better than
those in Table 2 and Figure 6. This forces the conclusion that a carefully applied preload can

be a considerable advantage in using this method.
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HMember Output node
removed 11 12I3 1 1.5I6 71 8D

9 1.0 - - - - - -

10 - 1.0 -

11 1.0

12 - - 1.0 - -

13 - 1.0 - -

14 - -0.1 - 1.0 -

15 - - - 1.0

16 F-'- -0.1 1.0

Table 6: Location matrix for FE data - with preload.

7 Conclusions

It is demonstrated that a neural network can successfully locate faults in an experimental struc-

ture when trained on FE simulation data. It is also shown that the network must be trained

to recognise noise-corrupted data to avoid misclassification of distorted patterns. Finally, it

is suggested that the application of preloads to the experimental structure (and of course to

the FE simulation on which the network is trained) could improve the diagnostic ability of the

network.
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by
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1. INTRODUCTION 2. APPLICATIONS OF FIBRE SENSORS IN SMART

Composite materials offer tremendous benefits for STRUCTURES

engineering applications and are now specified for use in
several safety critical structures. However, despite extensive 2.1 Advantages of Fibre Sensors
materials research and development, they do have a number
of areas where their behaviour is still not fully understood.
This is particularly so with the more complex mechanical Embedded fibre optic sensoms offer the potential to measure

Ts in p ulargr sotrctures. Curent stc trlex dehnigl several parameters in their host material, such as dynamically
parameters in larger structures. Current structural design varying strain and temperature. in addition, they are immune
attempts to allow for these unknowns by over-designing, to corrosion, lightning strike, and electro-magnetic interfere-
extensive testing and frequent inspection, nor.

Embedded optical fibre sensors offer the potential to monitor
many of these parameters, and are additionally of a similar Fibre sensors are particularly attractive for structural moni-physical and mechanical nature to the reinforcement fibres toting since they offer both point and distributed sensing.
used in advanced composites. Since the fibre transmits the measurement signal, multiplexedusedin avancd coposies.point sensing can be easily realized.

Westland Aerospace have been involved in the development point s ing can be esl r ealized.
of fibre sensors for composite monitoring for over five years, The optical fibre contains both the sensing and the telemetryand pioneered the application of embedded fibre sensors in system without the need for any mechanical discontinuities,

d reseasrc which would occur with electrical sensors and their connec-
thermoplastic composites during earlier joint research tions. Tus the fibre ssor should give a mo reliabe
jects with the United Technologes Research Centre.' sensing system and is compatible with the adoption of
Previous programmes have shown that research and develop- optical fibre based data transmis sion links in modem airc-
ment into both optical fibre sensors and materials is a key to raft.
the success of "smart structures" technologies. In the longer term it will be possible to actively control the

The BRITE sponsored Optical Sensing Techniques in Coin- shape or properties of the composite by means of embedded
posites (OSTIC) programme represents the largest European actuators, which can be monitored and hence controlled by
research programme to date. Similar research is underway at the same sensing system.
several centres worldwide, mainly in the USA and Canada.

it was decided to set up a joint sensors/materials project
under the UK Government supported LINK Structural Com- L2 Structural Health Monioring

posites collaborative research programme. The project will Composite materials are currently used in critical structure
be performed by Westland Aerospace and the Optical Fibre applications where they may be simultaneously subjected to
Sensors Group at the UK Optoelectronics Research Centre. extremes of temperature and high levels of mechanical koadi-

This paper addresses factors relating to the development and ng.
application of optical fibre strain sensors for the monitoring The long term reliability of composites in such environments
of composite structures, and in particular the factors relating is uncertain. There is therefore a need to monitor the integ-
to the embedding of these optical fibres in composite lamin- rity under such conditions. Continuous monitoring will
ates. allow inspection or replacement scheduling to be based on a

true record of loading history and structure performance
(rather than simply on the basis of a pre-determined life
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which must be conservative to cater for worst-case scenar- 3. FACTORS AFFECTING EMBEDDING
ios). Safety will also benefit, since structural damage will be
detected immediately even in inaccessiblc areas. Continuous
monitoring will also offer enhanced design efficiency since 3.1 General Discussion

information on structure performance in service can be Many practical issues relating to the embedding of optical

applied in the design of future structures. fibres need to be resolved before the commercial application
of smart structures can become feasible. Introduction of the

A structural monitoring system should have the ability to ticare s es intote manufactrodc of the

memorise the strain field distributions resulting from normal optical fibre sensor into the manufacturing cycle of the com-

structure performance, and be able to recognise potentially posite structure presents a considerable technological chall-

dangerous uncharacteristic behaviour. It also should be enge, since current manufacturing processes are generally

capable of determining the natural frequency of the structure, incompatible with fragile optical fibres. Ideally, the embed-

which are known to be related to structural health. Fibre ming of optical fibres would be accomplished with ony
optic sensors have been shown to be capable of accurate minor changes to such p .
measurement of at least the first three natural frequencies of The large number of sensors required, together with the

composite structures.! complexity of associated sensing optics and signal processing
electronics, are likely to represent significant cost increases
in the near term. It is important therefore to examine the

2.3 Integrated Sensor/Actuator Packages embedding process to minimise the fabrication costs.
It is envisaged that embedded fibre sensors could be used The successful embedding of optical fibres into engineering
with integral actuating capabilities. Such a sensor/actuator structures requires the solution of several practical diffic-
package is presented in Figure 1.2 The package features an ulties. The key areas requiring attention are:
optical fibre strain sensor with an electro-strictive coating. 1) development of specialised optical fibres and coat-
Due to the fast response time, this can operate in separate ings for embedding.
modes:-

1) actuator 2) development of methods for handling the fragile
2) snsoroptical fibre,

2) sensor 3) development of a reliable method of connecting

3) time shared sensor/actuator, the embedded optical fibre to the external monitor-

In the actuator mode, a control voltage applied across the ing system.
coating will produce strain in the optical fibre and in the sur-
rounding host composite. By combining several actuators
we could control the behaviour of the host structure.

In the sensor mode, loads applied to the structure produce an Optical fibres suitable for embedding as sensors in composite

electrical signal which can be used to calibrate the optical materials present very different requirements to those for
fibre senal communications fibres. The range of optical fibres which

have been specially developed for sensing purposes are very
In the time share mode, the coating is used both as a sensor limited, and there are presently no fibres developed specially
and an actuator in the following way: an electrical control for monitoring in composite materials which are commer-
signal is applied to the coating so as to produce in it a mech- cially available. We therefore intend in our programme to
anical strain which will depend on the stiffness of host develop and manufacture fibres specifically for this purpose.
material local to the sensor/actuator, and this strain is moni- The fibre construction must sstisfy the following
tored with the fibre sensor. The control voltage is now

switched off and the relaxation of the host structure is moni- requirements:

tored with the fibre sensor. 1) Small diameter. Embedded sensor fibre diameter

We are thus able to monitor or control static and dynamic should be optimised so as to produce minimum

mechanical properties, both of the host material local to the perturbation to the very small (approx. 10 micron

fibre/actuator package and of the host structure, diameter) composite material reinforcement fibres.

2) Robustness. The fibre must possess adequate
L4 Po Mhandling properties, and be capable of surviving

.4 • MoDitOIIS the high pressures and temperatures encountered in
Reliable processing of composite materials and bonding of composite materials processing, and should be
cured laminates relies on the precise measurement of process resistant to abrasion from the composite reinforce-
critical parameters such as pressure and temperature. ment fibres.

The trend towards increasing use of co-curing of compon- 3) Mechanical property compatibility. Mechanical
ent together with increasing component size and complexi- design of the coating, to ensure efficient perform-
ty, can cause difficulties in maintaining consistency in pro- ance of the sensor as a strain transducer, and to
ces parameters. prevent the sensor fibre behaving as a significant

Embedded fibre sensors, Integrated prior to processing, may strain concentration within the composite, is
provide valuable potential for measurements in the following required.
arew ; 4) Environmental compatibility. The sensor fibre

1) Pressure must be inert with repect to the resin used in the

2) Temperature composite,
3) Cure state 5) Buffering from microbends. Microbending of an

)strat . embedded sensor fibre occurs when either bare or
4) ResIdual strain, tcooed fibres are embedded In woven reinforce-

ment composite materials. Tiny microbends
increme the optical attenuation and can introduce
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mechanical strain in the optical fibre. They must 4) The sandwich can be bulk manufactured to reduce
therefore be minimised by suitable coatings. cost. Generalised forms, such as tapes, could be

Buffering of the embedded fibre against used in many different structures.

microbending loss may require the use of coatings 5) The method is suited to automated production.
with a degree of lateral compliance. Automated placement of optical fibres as a separ-

6) Adhesion promotion. Strong and robust bonding ate operation would be much more difficult to

between the embedded sensor fibre and the host achieve during typical lamination operations.

composite is essential if the embedded fibre is to
perform as a reliable transducer without weakening 3.4 Connecting The Fibre Sensor
Sthe host material. Development of a reliable method of connecting the

Since the range of properties of the optical fibres themselves embedded fibre to external fibre links is particularly critical.
is generally limited, it is anticipated that multiple coatings Such a method should be;
could be required. 1) consistent with the manufacturing processes of

Figure 2 shows a generic fibre sensor/coating package. The composite structure, such as autoclave moulding
optical fibre is afforded environmental protection by a pri- and edge trimming,
mary coating. A secondary coating is present to optimise
mechanical coupling and promote adhesion between the fibre 2) environmentally insensitive, ie should not besenso and~ omite.affected by vibration, temperature fluctuation,sensor and the composite,.osueinrsec

moisture ingress, etc,
3) low cost and repairable.

3.3 Embedding Methods Many types of fibre sensor require the use of monomode

A primary concern is in the handling of the fragile optical optical fibre which have core diameters of typically less than
fibres during lamination of the composite. A method allow- 10 microns. Clearly, achieving reliable connection between
ing production of an insert layer of optical fibre/composite two fibres (ie end alignment) with such small dimensions
material is required. This layer can then be laminated with presents practical difficulties in an industrial environment.
other layers in the normal production process.

Figure 3 shows a new method for introducing optical fibres 3.5 Possible Deleterious Effects of Embedded Fibre
into pre-preg laminates.! The method involves the follow-
ing stages: Researchers have generally agreed that optical fibres tend to

1) The optical fibres are laid into grooves in a non- produce only minimal perturbation to reinforcing fibres when

stick pattern tool. embedded parallel to them, but a large disturbance may
result when the optical fibre is embedded across the direction

2) Resin of the same type as that used in the compos- of the reinforcement fibres."-s The non-parallel alignment
ite pre-preg is applied as a film. A controlled results in a greater distortion of the reinforcement fibres and
amount is applied to maintain the resin/fibre ratio a large resin-rich region, both of which may be detrimental
of the composite. to the strength of the laminate.

3) The resin is cured to the same state as the resin in Several groups of researchers have performed mechanical
the host pre-preg. test programmes in which composite testpieces containing

4) Pre-preg ply #1 (ie one of the pre-preg plies used optical fibres have been tested in a number of configurations.
next to the fibre sensor in the laminate) is pressed Conflicting results have been obtained, with the effects of
onto the optical fibre in the resin film and the two embedding ranging from relatively insignificant to severe. 7

are withdrawn leaving the optical fibre/resin film Further investigation may yet reveal other problems, such as
now held in place by the tackiness of the partially reduced fatigue performance or inferior failure behaviour.
cured resin. Therefore, it is essential that any detrimental effects on the

5) Pre-preg ply #2 (ie the other pre-preg ply used mechanical properties of the host composite material are

next to the fibre sensor in the laminate) is pressed fully quantified.
onto the optical fibre/resin film so as to sandwich
the optical fibre/resin film between the two plies of 4. DETAILS OF THE CURRENT PROJECT
pre-preg.

6) A protective backing film is applied to the
sandwich, allowing it to be handled and stored. 4.Bakrudtth oec

The above method has the following advantages; As mentioned in the introduction, a three year research pro-
ject has been set up as part of the U.K government supported

1) The fibre sensor/pre-preg sandwich is robust and LINK Structural Composites Programme. This project
easy to handle, with the fragile optical fibre between Westland Aerospace Ltd and the University of
afforded protection by the pre-preg when Southampton's Optoelectronies Research Centre is being
sandwiched. undertaken in response to the perceived need for smart struc-

2) Testing of the optical fibre in the fibre sensor/pre- tures research and development within the civil aerospace
preg package can be performed prior to final lami- industry.
nating to minimise the chance of embedding a Under the UNK scheme, collaborative research projects
damaged optical fibre. benefit from shared expertise. Technological developments

3) The fibre sensmor/pre-preg sandwich is easily in advanced materials and optical fibre sensors are
integrated into the structure manufacturing cycle, undoubtably a key to advancement in smart stctumres, and
as it may be treated almost as any other ply of pre- the joint programme is designed to stimulate progress In both
preg, and hence does not slow the laminating of these areas.
sequence significantly.
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Within the two broad disciplines several othcr activities One of the most promising approaches is a system having V
arise. Figure 4 illustrates the range of these activities, different responses to strain and temperature, thereby allow-
These activities are addressed in detail in the following ing independent measurement of the two responses.
paragraphs. Work is well under way on our enhanced OTDR system and

we are looking forward to publishing further details of the
4.Z Fibre Sensors for Composite Material Monitoring basic concepts and the first results on the strain response in

the near future.

4.2.1 Basic Principles
In order to sense a parameter affecting the composite, it must 4.3 Mechanical Modelling of Sensors In Composites

produce a measurable effect on the properties of the fibre Preliminary analytical studies of the micromechanics of
(modulation). Modulation of the optical path length is (in optical fibres embedded in composites have attempted to
contrast to modulation of the intensity) convenient to ue predict the complex interaction between the embedded
since delays in the optical signal are not influenced by optical fibre sensor and the bost material.t" To date
changes of the optical attenuation in the system. however, many of these models have considered only the

Optical delays may be interrogated using either: simplest case conditions and have generally been applied

1) an interflronmetuic sensor, or only to interferometric type sensors. Developments are
needed which will predict strain fields within the optical2) optical time domain retlectometry (OTDR). fibre itself and which may be applied to mom general condi-

An interferometric sensor is very sensitive to changes in the tions of structural loading and environmental effects. Such
order of the wavelength of light (ca 11Am) or less, but can models will prove indispensable in deriving more precise and
suffer from ambiguity when measuring larger changes, unless useful measurement data from the optical signals, and in
considerable care is taken to provide complex phase refer- establishing optimum coatings etc. for the embedded sensors.
encing schemes. It hence lends itself to local strain measure- One of the sensor systems which we are developing will
meat in short lengths of fibre, using the remainder of the employ Bragg gratings, which can be produced with lengths
fibre for signal transmission only. of the order of 1 nun. Hence we can effectively model the
Conventional OTDR systems measure the optical propagation embedded fibre sensor as a point sensor. Much of the ana-
delays to and from reflective points in a fibre. They can lytical micromechanical modelling reported to date has con-
interrogate long lengths of fibre (kilometres) for cerned standard interferometric type optical fibre sensors,
inhomogeneities (ie reflective points), but can typically only and will require some adaption to apply it to Bragg type
discern such points with centimetre resolution. Monitoring sensors.
the difference between the time delays from each of the
inhomogenelties allows the measurement of averaged strain Micromechanic medling will be used to provide informs-
between these inhomwgeneitias t tion on the optimum diameter and mechanical properties ofembedded fibres and their coatings. Models will be based on

observations of embedded fibres and will include, for
4.2.2 Proposed Optical Fibre Sensor example, regions of resin richness. Models will predict the
Our measurement philosophy attempts to combine the "best concentration of strain in the fibre, in its fibre coating and in
of both worlds" to achieve a very efficient sensor system. the host composite. These will allow an optimised
We propose to construct an enhanced OTDR system to track fibre/coating, compatible with the composite matrix to be
the position of inhornogeneities along the length of a fibre, selected (ie one producing minimum strain concentration).
and to use the inhomogeneities themselves as local strain Finite element techniques have been applied to the problem
sensors (Fig 5). of micromechanical modelling of embedded optical fibres in
To achieve the first aim, we have designed a novel OTDR composites. Such approaches have been shown to yield
system intended to improve the spatial resolution of current useful information on the intensity and distribution of strain
OTDR systems. Our enhanced OTDR will monitor the Ioos- fields. Within the scope of the present project it is intended
tion of inhomogeneities in the fibre. Bragg gratings are an to make further use of such techniques to predict strain
appropriate form of inhomogeneity as they provide suitable levels and states in embedded fibres, and to aid in the
reflective points for OTDR monitoring. optimisation of fibre sensor coatings.

In addition each grating also provides a discrete-point sens-
ing capability since they respond to local strain by changing 4.4 Mechanical Tests of Composites with Embedded
their reflected wavelength.' In this manner they act as an Sensors
interferometric sensor which can be interrogated unambi- As mentioned earlier, it is important to ass the effects of
guously. the presence of an embedded optical fibre on the mechanical
By using both the time delay of the reflections from the properties of the host laminate, and to establish the long term
gratings and the reflected wavelength of the gratings, a sys- service durability of fibre coatings. The two main reasons
tem can be developed which provides information on both for this are:-
line-averaged and local strain (Fig 5). When multiple grat- 1) The usefulness of embedded fibre sensors in long
ings are incorporated in one fibre a multiplexed sensor sys-
tem can be produced. Such a configuration greatly reduces term structure health monitoring is lost if the sen-
the number of fibres needed to interogate a given structure. sor package fails prematurely.

In general, the response of a fibre to temperature variation is 2) The advantages of the embedded sensor are
of the same order of magnitude as the response to strain, dubious If its presence compromises the perorm- i
Therefore considerable effort will be directed into providing ance of the host structur
temperature compensation to realize a practical system Previous research has shown that the nature and dimensions
capable of operation over an extended temperature range. of the embedded optical fibre and its coating ae signifcant

in determining the effect on the mechanical proeries of the
host material." it is proposed to invstite this aspect



20-5

further to ensure that the optical fibre and its coating arc 175°C (350*F) under a pressure of 586 kPa (85 p.s.i) for 6

optimised to produce minimal degradation of the host lami- hours. This material was used because the higher than typi-
nate properties. The optimisation will involve designing the cal cure pressure, and the longer than typical cure periods
embedded fibre for optimum performance as a mechanical associated with it, were reasoned to provide a more demand-
strain transducer, whilst ensuring the long term survival of ing test of the effectiveness and durability. Optical loss
the fibre sensor and composite. measurements were performed (i) before application of vac-

Longitudinal compressive testing is likely to be sensitive to uum consolidation pressure, (ii) after application of vacuum

the presence of an embedded optical fibre since bridging of consolidation pressure, and (iii) after curing of the compos-

the optical fibre by the reinforcement fibres represents an ite.

approximation to a pre-buckled condition.' 4 Interlaminar
shear testing is also envisaged to be a sensitive test as the 5.1.2 Results of trial panel manufacture tests
combination of fibre bridging and a resin rich zone will tend
to aggravate laminate de-lamination in the presence of The results of our embedding tests, in terms of the optical

applied shear strain. Both tests will be part oL ,his attenuation during curing, are shown below. Loss measure-
ments were made using flying leads fitted with temporary

programme, mechanical splices. The losses were measured relative to

It is also proposed to perform fatigue assessment studies in unstrained sensor fibre, connected via leads to source and
which the service environment is simulated as closely as detector. This was measured before embedding in the corn-
possible. posite to provide the zero loss reference level in column 1 in

A number of material characterisation methods are intended table below.
to be used to study in detail the effect of embedded optical Protective tube Loss before consolidation (dB)
fibres on both the mechanical properties and the quality of Loss after consolidation (dB)Loss after cure (dB)
the host composite materials. Figure 6 lists the main classes
of tests proposed within the scope of the current project.Non- Polyimide

destructive Tests (NDT) of Composites with Embedded 140/160 Pum ID/OD 0 0.09 0.50

SensorsAs mentioned before, defects arising from the embed- Silicone
ding of optical fibres in laminates have been shown to 250/2250 pm ID/OD 0 0.07 0.43
include resin-rich regions and distortion of reinforcement
fibres. One method of assessing the extent of these is by PTFE

micrographic examination of polished sections of laminate, 140-250 tun ID/OD 0 0.07 0.43

but clearly alternative, non-destructive techniques need to be Stainless Steel
developed. 200/400 pm ID/OD 0 0.15 0.87
Typical aerospace techniques include ultrasonic scanning and
X-ray imaging. The applicability of both of these techniques
will be investigated. However, preliminary studies have 5.1.3 Summary

indicated that the small size of the optical fibre will in some In each case, relatively small increases in optical attenuation
cases restrict the applicability of such techniques. were suffered as a result of consolidation and curing of the

host laminate. The increase can in each case be attributed to
increased microbend attenuation. Optical fibre fracture

5. PRELIMINARY FINDINGS would be expected to produce larger losses. From this we
conclude that protection of the fragile optical fibre at the

This section describes our results achieved so far. Some of laminate exit may be afforded by means of a close fitting
the earlier results were achieved before the LINK polymer or metal tube. Further investigations will attempt to
programme. confirm that failure has not occurred, for example by using

short distance resolution OTDR to examine for reflections
from breaks. The OTDR will also help to locate the origin

5.1 Emhedding trials with theroset mnatetials of microbend induced losses.
Embedding of optical fibres in thermoset pre-preg material
was investigated. The composite was in this case processed
by the autoclave moulding technique. $.2 Embedding "in with advanced thermoplastic

materials

5.1.1 Method of manufacture and test Embedding of optical fibres in advanced thermoplastic coin-

Embedding of optical fibres in thermoset pre-preg material posite materials was investigated.

(ie reinforcement fabric pre-impregnated with resin) was A twin-core fibre sensor, with an external diameter of 125

investigated. The composite was In this case processed by wro, was embedded in carbon fibre reinforced thermoplastic

the autoclave moulding technique. material (ICI APC2 PEEK/AS4). The composite material
was moulded into a tube (Figure 7). The tube was manufac-

125 psm diameter multimode optical fibre was stripped of its tured by laying the pre-preg onto a rigid mandrel and
protective coatings and cleaned. Various narrow bore tubes, subsequently consolidating using an inflatable diaphragm
as detailed below, were used to protect the fragile optical
fibre at the points of exit from the test-panels. Approximate-

ly 10 cm of optical fibre was embedded in each case, with 9 A reinforcement fibre orientation of +30*,-30*,0",0",-30",+3-
cms unprotected and with the protective tube extending appr- 00, was used, where the 0' direction Is that of the tube

oximately 1 cm into the pawel length axis. The flbr optic sensor was placed In 0' direc-

The test panels were fabricated from 8 plies of a ca n tion between fth two 0* reinfoncement fibre plies with a

fbe reinfored were materiRal horn 8 s250.Thcr layer of pure PEEK film either side to give further protect.

Bisemleimide thermoset resin/ 3K (NARMCOe sat3wv ion. The assembly wu transferred to a split female cavity

fabric). The cure cycle for es3K 5-marnesn turin woaen W (lgmue 8) which was placed between the platent of a
fbrthis matal involve cueing at 500 ton electrically heated press. The tool was heated to

~~t
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380*C and internal pressure was increased in increments of 5.4.1 Effect of varying embedded fibre diameter
1 bar up to a maximum of 14 bar. After dwelling for 15 Rings of optical fibre (of various types and diameters) were
minutes, the press was cooled to room temperature and the manufactured by fusion splicing the ends of short lengths of
tube removed. The internal diaphragm was removed by acid fibre together. The rings were laid down as concentric
digestion. circles in a 25 cm square laminate between plies 4 and 5 of
Early attempts invariably resulted in fracture of the 10 plies of BMS 8-79 3K 5-Harness satin woven, glass rein-
embedded fibre at the point of exit from the composite lami- forced epoxy pre-preg.
nate. The following three approaches were adopted with the Three fibres were embedded
aim of overcoming this problem:aimofovrcmig tisprblm:1) a 125 pun outer diameter (OD) bare glass fibre,
1) The tube was moulded with no end support for the

emerging optical fibres, which were simply run 2) a 200 lun OD bare glass fibre and

directly along the mandrel and through holes 3) a 125 pin glass fibre with a 900 pm OD acrylate
drilled in the tool end plates. Moulding -esulted in coating.
fracture of the embedded fibre at the point of exit The panel was cured and investigated using "C" type ultra-
from the laminate, sonic scanning (Figure 9).

2) Support tape, 3 plies thick (ie the thickness of the Only the 900 pun OD fibre was clearly visible in this pre-
laminate between the fibre sensor and the diap- liminary investigation. Optimisation of the various ultrasonic
hragm) was wrapped around the diaphragm NDT parameters may allow detection of the smaller fibres.
between the pre-preg and the mould tool ends to However these and other results suggest that the problem of
provide a smooth even thickness over the transition resolving inclusions of dimensions typical of bare optical
area. This was then overwrapped with tape to fibres will require development of special NDT techniques.
form a cushion for the emerging optical fibres. It is possible that detection of the embedded fibre is made
The ends of the emerging optical fibre were more difficult by the fact that the host laminate already con-
wrapped around the mandrel ends and secured. sists mainly of glass fibre, and hence the ultrasonic attenu-
Moulding again resulted in fracture of the fibre ation properties are similar.
sensor at the point of exit from the laminate.

3) A very small bore stiff tube was slipped over the 5.4.2 Detection of embedded fibres in carbon reinforced
fibre sensor, penetrating approximately 1 mm into laminates
the laminate. The tube was subsequently removed
after moulding. A suc-essful moulding operation In another experiment, 20 metres of 125/250 micron diam-
resulted which did not cause optical fibre fracture. eter (fibre/polymer coating) was embedded in a 16 ply (R52-

50/T300-3K 5-Harness satin woven carbon reinforced Bisma-
leimide) pre-preg laminate, approximately 80 x 130 cm.

5.3 Securing of Fibre Sensor Connectors Approximately 10 metres were embedded between plies 4
Bare optical fibre, terminated with modified FC type conn- and 5, and the remaining 10 metres embedded between plies
ectors, was moulded into a test laminates to demonstrate the 11 and 12. The fibre was laid into the panel so as to follow
feasibility of this technique. a serpentine pattern. A single piece of fibre was used, with
Molex FC connectors were modified for embedding by rem- a short length of I mm diameter silicone tube used to protect
oving the threaded securing sleeve, leaving only the ceramic the fibre in the region where the fibre entered and exited the
ferrule and the plastic body of the connector. The connector laminate and in the connecting region. The laminate was
was further modified by turning the plastic body down to a cured and examined by ultrasonic C scanning shown in Fig-
diameter of only 2.5 mm. A PTFE block was machined to ure 10.
accept the connector and was designed to restrict the out- The embedded fibre can be seen quite cleafly as a green line
ward flow of resin from the pre-preg during consolidation, against a pink background The effect of the fibre is to
Bare 125 lpm optical fibre was terminated with the modified increase the ultrasonic attenuation by 1 dB above the backg-
connectors and embedded between plies 8 and 9 of a 16 ply round. The white regions represent the regions where the
BMS 8-79 type woven glast/epoxy pre-preg material. An protective silicone tube extends into the laminate. These
optical attenuation measurement was made. The test panel regions show markedly higher attenuations, and are signifi-
was cured at 125'C under a pressure of 293 kPa for two candy larger than the tube diameter. The top region of the
hours. panel shows increased attenuation, which is due to porosity
The cured laminate was examined visually and appeared to resulting from a manufacturing defect (the bag seal failed
be of reasonable quality. The connectors appeared to have early on during cure, and the laminate was simply re-bagged
been slightly displaced and some resin had flowed into the and the cure process continued).
PTFE block and adhered to the connectors. Optical lois We are proposing to investigate other techniques, such as
measurement confirmed only a alight increase in attenuation ultrasonic *A" scan and conventional and advanced forms of
of 3 dB which was probably due to increased mierobend X ray such as X ray tomography.
attenuation, confirming that the optical fibre had survived the
embedding process. Investigations of the effect of the con-
nector on the host material are underway. Further research &S Invmtifpton of Microbendluu Attenuation of
will attempt to develop improved connectors with reduced Embedded Smair
overall diameters. A 60 cm circular loop of bare 50/125 pim optical fibre was

embedded in the mid plane of an 8 ply (R5250 3K 5HS
5.4 NDT Inveutgadtion of Fibre Sensor Embedding woven carbon fibre reinfomeed Bismaleinide) laminate. The

emerging ends of dte fibre snor were sleeved In silicons
Experiments were designed to study the effectiveness of tube for l0tion. The fibre ands wer. terminated previous
aerospace type NDT techniques in assaing the effect of an to embedding to facilitate m urementa of Opial m
embedded optical fibre on the host material. ttfalit w e suensf loss,Loss mensumements were made;
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1) Prior to embedding with no mechanical pressure The project will culminate in the manufacture of a demon-
on fibre 0 dB, strator component. Extensive materials and processes related

2) after embedding 0 dB, research and development, performed during the project, is
intended to allow the demonstrator to be both technically and

3) after applying vacuum consolidation pressure to industrially relevant.
the laminate 0.02 dB,

after curing the laminate 3.20 dB.

Embedded bare 125 pmn optical fibre apparently does not
suffer from increased microbend attenuation even when the
laminate experiences applied pressures of I bar. Curing of
the laminate occurs under applied pressures equivalent to
about 5 bar. At these higher pressures the fibre sensor appa-
rently suffers from increased microbend attenuation. This
microbending is presumably retained in the cured laminate.
The increased loss of 3.18 dB over a length of 60 cm of
embedded fibre will not be significant for measurement, but
could indicate a risk of later strain corrosion of the fibre
sensor.

Further investigations will attempt to discern whether the
increased loss occurs at the point of exit of the embedded
fibre from the laminate or in the sensor fibre.

5.6 Summary
Investigations into aspects of fibre sensor embedding have
revealed that:
1) Exiting the fibre through narrow diameter tubes, of

either polyimide, silicone or steel, affords suffi-
cient protection of the fibre to allow bare optical
fibres to survive typical (pre-preg/bag moulding)
composite processing environments.

2) Moulding of connectors into laminates can be
accomplished without damaging the fragile

fibre sensor.
3) Ultrasonic "C" type scanning techniques are not

completely effective for locating optical fibres of
the dimensions typically used for embedded sens-
ors.

4) Micro-bend attenuation of fibre sensors in typical
woven fibre composites is an issue which requires
further investigation. However preliminary investi-
gations have revealed this effect may not be par-
ticularly severe, at least for moderate sensor
lengths of the order of I metre.

6. CONCLUSION
Past experience and extensive recent literature searching has
allowed us to establish clearly the technological areas of
smart structures requiring detailed further development. We
have therefore set up a three year collaborative research and
development project which will further our expertise in;
1) Fibre optic sensors and sensor signal processing,

2) Materials and manufacturing of smart structures.
We aim to develop novel multiplexed Bragg grating type
sensors capable of multiple independent discrete measure-
ments of strain and temperature. We will also develop
materials and manufacturing techniques, and generate design
information, consistent with advanced composite structures.
During the project we aim to explore the use of embedded
fibre sensors in the monitoring of advanced materials and
structures manufacturing.
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S~21-1 SFiber-O 
ptic Sensor System s for M easuring Strain

and the Detection of Acoustic Emissions in Smart Structures

F.A. Blabs, Canadian Marconi Company
S.L. McBride, Acoustic Emission Monitoring Services Inc.

2442 Trenton Avenue
Montreal, Quebec, Canada H3P 1Y9

SUMMARY 2. FIBER-OPTIC SENSORS
This paper outlines the requirements of a fiber-optic strain A variety of fiber-optic sensor concepts have been investigated
sensor system for aircraft smart structures, and reports on an for the measurement of a multitude of parameters and diverse
experimental system developed by Canadian Marconi Company applications. Table 1 provides an overview of the characteristics
for this application. Fiber-optic strain sensors have been required for the application to health monitoring in smart aircraft
mounted on an aircraft undergoing full-scale durability and structures.
damage tolerance tests, the results of which are presented. Tests
were also carried out to verify the response of fiber-optic sensors The requirements of Table 1 considerably reduce the number of
to acoustic impulse signals. Input signals, similar to the ones fiber-optic sensors suitable for this specific application. Four
encountered in damaged materials under stress, were used to very promising candidates are evaluated in Table 2.
evaluate the response of the sensor to bulk, surface and plate
waves. This was done in order to assess the performance of 3. FIBER-OPTIC STRAIN SENSING
fiber-optic sensors employed in the acoustic detection of damage All the sensors in Table 2 exhibit the periodic transfer function
in materials, typical of interferometric sensors. For measuring the optical

path difference (OPD) of interferometric sensors -- a
1. INTRODUCTION requirement for absolute strain measurements -- concepts have
Smart structures will provide a reliable and cost-effective means been developed employing low-coherence (white light
of aircraft structural health monitoring, and will drastically alter interferometry) or modulated highly coherent sources. 5A7

currently implemented Aircraft Structural Integrity Programs
(ASIPs).1 Structural maintenance and repair will be performed CMC has implemented a strain sensing system utilizing
as needed, and not as dictated by life expectancy models which interferometric sensors based on the two-mode concept. 5

derive their input from individual aircraft usage tracking and Figure 1 is a basic block diagram of the system. Its signal
scheduled non-destructive tests.' source comprises two GaAs diode lasers which are on/off-

toggled for sequential operation in low and high coherence
With the advent of smart structures, structural health will be modes. Thus, the signal source provides four different outputs
monitored while the aircraft is in use. Near-real-time, on-board for one measurement cycle of a sensor. The system employs a
signal processors will provide a measure of the flight-worthiness number of time-shared sensors.
of the aircraft structure and, if necessary, alert the pilot and
recommend restrictions to the flight profile. Indications of The wavelengths of the two lasers have been selected for
required repairs will be available to ground and maintenance quadrature operation with respect to the sensor transfer function.
personnel. Ratiometric measurements of the outputs of a reference and a

strain sensor are performed. An analytical reduction of these
Two complementary concepts are being developed for structural measurements eliminates the influence of variations in
health monitoring, based on the evaluation of changes to stress transmission losses (L), laser power (P), wavelength O,), and
fields and of stress waves, respectively. The first involves the detection preamplifier gain (Ge).
measurement of absolute strain, and the second the detection of
acoustic emissions under loaded conditions in order to detect The reduced ratiometric measurement quantities are:
any damage to the structure.

It has been clearly demonstrated recently that acoustic emission V, = VLIs / VLIs

can be a powerful tool for the location and identification of VLIR / VLJ0DR

fatigue cracks in aerospace structures.3,4 In these and other
acoustic emission tests, the sensors used to detect the acoustic Vs. / VLWX
emissions were piezoelectric elements attached to the surface of V1 =
the structure. The output voltage is preamplified before VIR / VLSMD
transmission via coaxial cable to the data acquisition and Subscripts I and 2 in the equations refer to measurements made
analysis instrumentation, with lasers 1 or 2 respectively. VLIs and VLIR are the sensing

and reference outputs when the system is powered with laser
Several significant advantages of fiber-optic sensors over diode 1 in the high coherence mode. V, ms and VLWD, are the
electrical sensors will permit the realization of smart structures, same outputs with laser diode I in the low coherence mode.
These include insensitivity to electromagnetic interference to
provide low-noise data transmission; small size and Two corresponding strainequations canbe set up:
embeddability; ewe of implementing sensor arrays; and high
measurement sensitivity. S = 1/at I cos"t [ ia (VI2/ 2 - 1)1 -M #

S2 - INa I Cos.| I I/a2 0MI(2 - 1) 1 - 02 )
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Four parameters must be known in order to solve each equation: Figure 11 shows the directional dependence of the Fabry-Perot
the imbalance (a) and initial phase angle (#) of the strain sensor, sensor. Here, the simulated acoustic emission source was
fringe visibility (a), and effective system gain (G). These applied at various angles to the optical fiber. The directivity
parameters, which are evaluated by performing a least square fit, increased with longer gauge lengths. This result was expected,
are assumed to be constant over a reasonable period of time. since the acoustic length is on the order of 1 cm for the recorded

frequency range.
The system has been used on an aircraft undergoing fatigue
tests. Data have been logged and evaluated from four fiber 6. CONCLUSION
sensors and two conventional strain gauges, surface-mounted in Although a number of practical problems need to be resolved,
proximity as shown in Figure 2. Various test cycles of the the strain test results demonstrate the feasibility of using fiber-
aircraft have been tracked. Figure 3 shows the experimental optic systems for sensing absolute strain in an aircraft
development model (EDM) of the system together with the environment. Further work is required to resolve the strain
portable PC employed for data collection evaluation and display vector and to distinguish between load- and temperature-induced
of strain data. strains.

Figures 4 and 5 indicate the resultant strain measurements From the results, it is also clear that it is possible to detect
performed by one sensor during specific test cycles. Figure 6 acoustic emission signals using the Fabry-Perot fiber-optic
shows a plot of the relative strain derived from measurement interferometer." More detailed data will be required for the
data of a conventional strain gauge and a fiber sensor mounted quantitative definition of the dynamic range and signal-to-noise
close by. The plot indicates that test data from the two sensors ratio of this device, compared to those obtained for the high-
are in close agreement. output piezoelectric sensors currently used for acoustic emission

sensing. Further, the stability of the fiber-optic sensor system
The tests also provide an indication of sensor reliability. Sensor must be improved before it can become a practical method for
performance was monitored over a period of approximately one continuous acoustic emission monitoring.
month, during which the aircraft underwent many high-G
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TABLE 1 - SENSOR REQUIREMENTS FOR AIRCRAFT SMART STRUCTURES

REQUIREMENT REASON FOR REQUIREMENT

Intrinsic Ease of surface mounting. Embedding of sensors without structural degradation.

Size Gauge length typically 1 cm, diameter 80 jam.

Absolute Strain Measurement Strain measurements referenced to the sensor under zero strain. Sensor reference
must be retained with sensor disconnected.

Large dynamic range Strain sensor requires a minimum dynamic range of 30 db. A typical strain
measurement range is -2000 to 5000 #E.

High sensitivity Acoustic emission sensing with the application of strain sensors requires a
measurement sensitivity in the nE region.

Multiplexing Multiplexing of sensors is an essential requirement in order to implement sensor
arrays and maintain a low number of feed fibers and composite structure ingress
points.

Temperature compensation Discrimination between mechanical and temperature induced strain components.

Longitudinal strain measurement Measurement of the strain vector.

EM interference immunity Essential for implementing extensive fiber-optic sensor arrays on an aircraft

SM transmission fiber Ease and economy of interconnect. System performance must not deteriorate with
the insertion of a large number of connectors in the transmission line.

High reliability MTBF of embedded fiber sensor >20 years. Graceful degradation of the sensor
performance.

High-yield manufacturing process Cost-competitiveness of fiber sensor with conventional strain gauge.

TABLE 2 - CANDIDATE FIBER-OPTIC SENSORS

FOR APPLICATION IN AIRCRAFT SMART STRUCTURES

CONCEPT ADVANTAGE DISADVANTAGE

Two-mode Low production cost Not suitable for acoustic emission sensing. Difficult to manufacture with
consistent performance characteristics.

Polarimetric Low production cost Unsuitable for acoustic emission sensing.

Falxy-Perot High sensitivity Complex fabrication process. Uncertain reliability.

Fiber Grating Low system Applicability to acoustic emission sensing has yet to be determined.
complexity Fabrication proms unsatisfactory.
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FIGURE 3 - AIRCRAFT FATIGUE TESTS:
PHOTOGRAPH OF FIBER-OPTIC SENSOR SYSTEM AND SUPPORT EQUIPMENT
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FIGURE 4 AIRCRAFT FATIGUE TESTS:
STRAIN MEASUREMENT WITH FIBER-OPTIC SENSOR DURING ONE TEST CYCLE
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FIGURE 5 -AIRCRAFT FATIGUE TESTS:
STRAIN MEASUREMENT WITH FIBER-OPTIC SENSOR DURING ONE TEST CYCLE
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FIGURE 7 - INSTRUMENTATION EMPLOYING PIEZOELECTRIC GAUGES TYPICALLY USED
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Example A: Single Defect
200' (Critical Radius Port)

- Crack Advance
- Crack-Face Rubbing

W 100"

0
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Example B: Multiple DefectsS~~~~~(Starboard Win-g)- - ;"

S#" -..---. Crack Advance
Lb 200-S200' f •,-,,-0- Crock-Face Rubbing

0. *
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Number of 7 g Manoeuvres (During 700 Flying Hours)

FIGURE 8 - ACOUSTIC EMISSION HISTORY OF CRACK GROWTH FROM
(A) A SINGLE DEFECT, AND (B) A CLUSTER OF DEFECTS
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FIGURE 9- SCHEMATIC OF MONITORED WING SECTION, INDICATING LOADING PADS
AND SENSOR LOCATIONS, AND HISTOGRAMS OF DETECTED ACOUSTIC EMISSIONS

AND FATIGUE CRACKS CONFIRMED BY ROTATING-COIL EDDY CURRENT MEASUREMENTS
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Adaptive Algorithms for use with
Digital Filters In Vibration Control

R. Wimmel

German Aerospace Research Establishment (DLR), Institute of Aeroelasticity
Bunsenstrasse 10, D-3400 GlIttingen, Germany

ABSTRACT Digital filters possess powerful properties because of
scan easily be used to alter signal f their adaptability. They allow for real-time operation If

Digital filters aprogrammed on high-speed digital signal processors.
As long as the desired transfer function of the filter is The development of such rapid processors must be
causal, a great variety of responses is made possible considered a decisive step towards a breakthrough in
by appropriate choice of filter coefficients. To make use adaptive structures.
of this property in vibration control, algorithms should
automatically change the filter coefficients to meet any This paper describes how digital filters can be used for
given objective. This paper describes a class of adap-
tive algorithms which search the gradient of a given * vibration control of adaptive structures with into-
performance function. In order to illustrate the grated actuators and sensors and
requirements of adaptive structures, such as struc- 0 vibration Isolation of different vibrating structural
turally conformed design, the feed-forward control systems connected through multifunctional inter-
environment serves as an example for applying these faces
algorithms.

if they are combined with adaptive algorithms.

1. INTRODUCTION

The design and development of technical structural 2. DESIGNING DIGITAL FILTERS
systems are necessarily based on the proper know- The transfer function of any kind of digital filter can
ledge of generally be written as

0 a desired profile of objective functions, H(z) = I -A(z)

* the corresponding external loads, (1)

* the resulting structural responses. N N

At the end of the development process, the structural with A(z) Z aj z- J, B(z) b, z-

system must naturally comply with all of the require- J 0
ments set within this conditional frame. Two industrial where the a's and b's form a set of coefficients of the
problems arise: IIR filter H(z) (2].

1. The objective functions often conflict with each The transfer function of a structural system can like-
other (e.g. weight minimization -, safety and sta- wise be described mathematically as a ratio of poly-
bility). nomials. Consequently, the transformation of the exci-

2. The relevant objective functions should stay opti- tation signal into Z'e structural response signal
mized despite the presence of external loads, through the structure's dynamics is simply a signal fil-

In cases of unforeseen changes or when It Is Impossi- tering action from the signal processing point of view.

ble to control these objective functions, the objective This allows proven representations from structural
behavior very often exceeds realistic structural limits, dynamics to be adopted In order to give digital filter
Therefore, it seems to be Inappropriate that technical systems a design which is in conformance with the
structural systems avoid adaptability, particularly structure.
when adaptive dynamics are ever present in living
nature. A first example may Illustrate the principle: A moss-

urement could, for Instance, result in impulse response
The employment of active control technology as a kind samples which could be used to design the structure's
of troubleshooting generally Introduces some penal- digital filter representation for simulations. If the fact
ties, e.g. additional weight, Increased maintenance Is taken into account that the z-transform of a sampled
costs, etc. However, these problems can be eliminated impulse response Is an FIR filter with a set of coeffi-
If cients equal to the impulse response samples, the

- new kinds of Integrated, multifunctional sen- simplest thing to do is design an FIR filter, i.e.
smas and actuators working as components B(z) = 0 in Eq. (1).
lying In the load path and

- adaptive controllers consisting of digital fil- 2.1 Digital Fiters for System Identification
ters which are adaptive In that they react to The modal representation seems to offer the best
external Influences as well as to changes possible means of finding a filter system represen-
within the structure itsOf tation applicable In system identification environments

are developed In a simultaneous design process. For (see Figure 1). In order to configure the filter In a way
a description of this design method as well as possible identical to the modal configuration of the transfer
applications, see Breitbach I1]. function of the structure to be Identified, It is decom-
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posed into a set of parallel modal subfilters. The block If an accelerance function has to be identified, the sin-
diagram of such a modal filter is shown In Figure 2. gle mode can be described as

s2

K, + Dis + MIs 2 tPJk p, (2)

...... o r

Ai-(s) + +s -, + )Pikr(it , (3)

where Ki, D, and M, are the i-th elements of the corre-
e~tt sponding modal matrices of stiffness, damping, and

mass, respectively; r,, rl* and si, sil are the complex
conjugate pairs of the residues and the poles, respec-
tively; (Plk and Tpt are elements of the i-th eigenvector;

Y It) and k and I represent two measuring points.

Different kinds of subfilters with structural conformity
can be chosen. Their transfer functions can be of sec-
ond order:

aikl (1 - 2z- ' + z- 2)

Fig. 1: Signal flow in system Identification. H + b 11z + b2 ,z 2 (4)

H(z): digital time-varying transfer matrix of the adaptive (alk,, bIj and b2, are the real coefficients, see Melcher
filter system. A(s): behavior of the continuous structural and Wimmel [31) or can be divided Into a sum of two
system, e.g. given by the accelerance matrix. The AD-
and DA-converters are not explicitly carried out. complex first-order sections and one real multipli-

cation:

Hi = cI + ,A1 + (
! _ biz- I) - biz-z

M (cli is the real coefficient, aikI and bi are the complex
A (S) = Ai (s) (modal formulation) coefficients).

,I l

To overcome the computational costs due to the com-
assuming m modes A, (s) plex algorithm of the latter, an optimized new filter

type called the MX filter (see Melcher [4]) has been
developed. This filter has a cross-coupled structure
with real coefficients and its transfer function Is equal

H(z) to Eq. (3), except for a time delay.

These examples from system identification show how
np uuimportant it is to find solutions for a filter design insignl H, (z) outputlconformance with the structure. Due to the direct

relation of the filter coefficients to the modal data, the

filter systems are predestined to act as digital repres-
entations of the structure in simulation, system iden-

HZ tification, and structural control.

2.2 Digital Filters for Feed.Forward Control

Figure 3 shows the signal flow for a basic feed-forward

L (controller. The primary signal path Is depicted as P(s).
A secondary or control path contains the transfer
function S(s). A sensor measures the sum of both sig-

--- -------- o nals as an error signal. It vanishes if the control filter

signal H(z) Is adapted to
P(a)

a H(z) 2s - ) (e)
H (z) W H, (z) (parallel form)

i-i An optimized filter which conforms to the controlled
structure as well as to the feed-forward environment

asummIn k filter modules H,) ~ Is still a topic of research, but in order to maintain
stability a parallel structure with second-order sub-
sections might be effective. Since the feed-forward
controller contains system Identification elements as

Fig. 2: Block diagram of a model filter shown in 15J, filter types such as in Eqs. (4) and (5)
should also be applied In this environment.
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If a digital filter system Is configured as described
above, then the adaptation algorithm Is clearly dictated
by the filter structure. A more common question is:

Excitation what kind of performance function should underlie the
signal P • I algorithm? A commonly used function with good prop-

Prs) erties is the mean square error.

I Se To take advantage of this function, one must first
Structure, it-. measure or define a signal which indicates the misad-

justment of the adaptive system. In a system identifi-
Control actuato,+ e (t) cation application the response of a structural system
input \is measured, e.g. using displacement sensors and

accelerometers. An error signal Is then obtained by
comparing (through subtraction) the actual filter output

H~z y (j Ito the sampled response signal.

i- -- - ----- In control applications a transducer can often be
located precisely at the point where the vibration
should vanish in order to directly measure the error
signal. Two problems arise, I.e.:

0 The performance function may have several min-
Fig. 3: Typical set-up of an adaptive feed-forward con- ima of which only the global minimum relates to
troller: the structural response (represented by the an optimal set of filter coefficients.
transfer function P(s)) due to a given excitation signal
can be altered by a multifunctional control actuator and 0 A fast and stable adaptive algorithm is required
an adaptive control filter H(z). to find a minimum.
S(s): secondary (control) path.
The AD- and DA-converters are not explicitly carried
out. 3.1 Mean Square Error as a Performance Function

The mean square error function #(n) appropriate for a
New filter systems must be developed for different given structural system depends on the chosen filter
types of structures, e.g. those with structure as well as the task of the filter. For Feed

Forward Control and System Identification, the function• local concentrated dampers, is:

0 nonlinearities,
* anisotropies, 'kpFF(n) n e s 1 I P(z) + S(z)H(z) 12 (7)

* boundary conditions, and

or for special measurement conditions, e.g. = -(

" noise in the signal path, 2sIn -z

"* limited equipment, respectively.

* drift, The path of integration is the unit circle. D,,, Is the auto
power spectrum of the signal x(n) and can be assumed

"* transient phenomena, to be I for white noise.

and other application tasks, e.g. The transfer functions P(z), S(z) and A(z) could be

" inverse modeling, determined according to any mathematical model of• inersemodeingthe structure.

"* prediction, Since 0(n) Is a function of H(z) and therefore of the

"* feedback phenomena, coefficients of H(z) at time step n, It can be seen why
,A(n) also depends on the filter structure as stated

"* acoustic control, above.

"* echo canceling, Examples illustrating contour plots of the performance

"* wave propagation control. function In compliance with Eq. (7) for filter structures
like Eq. (4) and Eq. (5) are given In [3] and 161, respec-

These filter systems should use as much a priori tlvely. It should also be mentioned that the perform-
knowledge as possible from related disciplines such ance function Is quadratic with regard to the trans-
as versal coefficients of H(z). This makes any FR version

highly interesting and particularly simple for any
* structural mechanics, adaptive algorithm (see Widrow and Stearns [21). The

* structural dynamics, computation of the performance surface of complex or
high-order filter structures as well as a theory for

* acoustics, avoiding local minima are goals for further research.
Much knowledge can be drawn from a study of the

So far, general design rules have been described for shape of the performance surface:
digital filters. Different applicatlonal tasks demand
specialized filter structures which are all different 0 areas where it Is fiat or steep,
manifestations of the underlying rational function Eq. * areas around the global minimum where no local
(1). The following deals with adaptive algorithms which
enable the digital filters to not only alter the signal minima exist,
flow, but also to adaptively control the vibrational 0 changes occurring because of parameter vad-
behavior of structures. ations.
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This knowledge can be helpful when designing algo- The following will give some examples for determining
rithms that adaptively find the minimum of the mean the filter gradient.
square error function.

If the strong real-time condition In vibration control is The VH-Module
considered, the choice of possible adaptation methods
Is restricted. Clearly, off-line computation should be As mentioned above, VH(z) relates to the filter struc-

avoided, and any analytical method of computing the ture. Therefore, it will first be derived for the IIR filter

minimum of the error function will not cater for chang- as defined in Eq. (1):

ing operational conditions and, therefore, contradicts
the basic idea of adaptability. aH I

Among gradient search algorithms meeting these con- 1 -3)(z)

ditions, the class of LMS algorithms will be described (13)

as a solution with low computational costs and ease aH 1 1(z).
of implementation. 

ab - 1 - B(z)

3.2 The Class of LMS Algorithms or in vector notation

One popular way to find a minimum of the performance z0
function is to follow the gradient. The equation
describing the steepest descent can generally be for-
mulated as

W(n + 1) = W(n) -- p. V#(n) (9) N

where W(n) is the coefficient vector at time step n, p VH = - (14)
is the diagonal matrix of convergence parameters, and 1 - (z H(z) z
V*,(n) is the gradient vector of the performance func-
tion *(n) relating to the coefficients W1.

The idea behind LMS-type algorithms is to take the
squared error e2(n) itself as an estimate of its expec- H(z) z- N
tation 4(n). For the gradient of the squared error,

Ve2(n) = e(n) Ve(n) (10) which is simply a filtering of the U-vector (i.e. the fil-
is obtained. ter's input and output values) through the filter'srecursive part 1 / (1 -- 8(z)).
In order to find a clear formulation, the computation

of the gradient is described here in the z-domain, Reduction to an FIR filter yields
although the algorithm itself works in the time domain.
The equations governing feed-forward control and
system identification in the z-domain are

VH=[EFF(z) = X(z) (P(z) + S(z)H(z)) (15)

and Es#(Z) = X(z) (A(z) - H(z)) , Z

respectively. E(z) and X(z) are the z-transforms of the
error and input signals. It should be noted that P(z), demonstrating the extreme simplicity of the FIR-LMSW as a multiplication of the error and input signals to
S(z) and D(z) are formal representations of the actual aamu t ion oi
transfer functions P(s), S(s) and D(s). The gradient with compute Vel(n).

respect to the coefficients of H(z) is A derivation for a parallel-type IIR filter has been given

V EFF(z) = X(z)S(z)VH(z) in [51, resulting in a VH, for each second order section:

V Esz) = X(z)( - VH(z)) (12

Two results can be recognized from Eqs. (12): z_-l

1. If the signal path contains any transfer function VHj(z) 1 z-2besides H(z) (i.e. S(z) in the case of feed-forward I - BH)z)

control), this must be considered In the gradient H,(z)z-
computation. An example that considers S(z) Is
the filtered-x algorithm (see Widrow and Stearns H,(z)z-2

In's result demonstrates the dependence of the
algorithms on the filter task or control environ- In the same way, the VH-modules for other specialized
ment. filter systems like the MX filter can also be found.

2. The problem of computing the gradient of the It should be realized that the algorithms described
squared error Is reduced to that of finding the here represent only one class of possible algorithms.
gradient of the filter's transfer function, which Is For the sake of stability, other considerations can be
dependent on the filter structure. made.
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(8] Sommerfeld, S.D. and Tichy, J. Adaptive Control
of a Two-Stage Vibration Isolation Mount. Jour-
nal of the Acoustical Society of America, 88, 2,
August (1990).

Fig. 4: Feed-forward controller with system Identification
unit for the control path

CONCLUDING REMARKS

It has been shown that digital filters perform appropri-
ately for system vibration control if they are

* designed In conformance with the structure and
the control task and are

0 combined with an adaptive algorithm which must

be optimized due to the filter structure and the
control environment.

Since there Is at least one class of algorithms that is
able to meet these requirements, adaptive filtering can
be seen as a breakthrough in adaptive structures
technology. The immense number of applications of
this technology should influence the search for new
optimized filter types and adaptive algorithms as well
as sitable performance functions.

!
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Structural Analysis and Optimization of Adaptive Structures
by use of the Finite Element Method

R. Lammering

German Aerospace Research Establishment (DLR), Institute of Aeroelasticity
Bunsenstrasse 10, D-3400 Gtttingen, Germany

ABSTRACT 0 lightweight construction and, consequently, con-
servation of raw materials.

New finite elements which allow for the analysis and
optimization of adaptive structures are presented. In Current work and technology assessment studies give
the first part of this paper two finite elements the highly interdisciplinary and system-oriented adap-
accounting for integrated piezo-electric devices are tive structures technology a promising forecast for
formulated: a shell element for the analysis of shallow future applications In a wide range of industrial areas.
shell structures with piezo-electric polymers bonded to In aerospace engineering, for instance, possible aPpli-
the surfaces and a truss element with an integrated cations for fixed wing aircrafts are (cf. Breitbach [1]):
piezo-electric ceramic. Test cases are presented to 0 attenuation of dynamic loads by means of an
illustrate the potential of the finite elements. The shell active wing- uselage interface or an active wing-
element is used to compute the vibration excitation of engine win',
a thin plate as well as the vibration control of a canti- engine pylon,
lever beam. The truss element is applied to the prob- m flutter suppression and vibration reduction by
lem of optimal actuator placement in adaptive truss means of adaptive stiffness tuning and adaptive
structures. For the solution of this problem, objective control of the wing camber.
functions for the minimization of the control effort and The vibrations of helicopters can be reduced by:
the spillover energy are formulated. The second part
of this paper is concerned with the finite element 0 adaptive blade roots with embedded multifunc-
analysis of the behavior of shape memory alloys. A tional actuators,
non-linear one-dimensional finite truss element and a * blades with adaptive twist angles by means of
non-linear beam element are used for the analysis of distributed actuator material (Individual Blade
a composite beam with embedded shape memory alloy Control, cf. Nitzsche and Breitbach [2]).
wires, of which the temperature is varied in order to Automobiles are also heavily affected by noise and
tune the eigenfrequencies. vibrations from different sources, such as the motor,

road roughness, road-tire contact, wind and the

1. INTRODUCTION exhaust system. The adaptive structures technology
offers solutions such as

The increasing demands on the performance of struc-
tural systems for mechanical and civil engineering m vibration and noise control by actively controlled
applications as well as the necessity of lightweight motor suspension systems,
constructions require a new class of structural sys- attenuation of noise radiation by actively con-
tems, so-called smart, adaptive or intelligent struc- trolling the vibrations of the roof sheet and the
lures. These structures are characterized by integrated splash board, and
actuators and sensors that are interconnected by 0 noise and vibration control by means of the
adaptive real-time controllers. Among others, the most adaptively controlled suspension system.
promising canditate materials for sensor/actuator In order to be able to effectively design, evaluate and
applications in adaptive structures are piezo-electric select adaptive structures before their construction, in
and magnetostrictive materials as well as shape any particular application It is necessary to precisely

, memory alloys. The high degree of integration of these understand their static and dynamic mechanical
materials into the structure results in multifunctional behavior. For this purpose methods for the analysis
components with sensor, actuator and load bearing and optimization of smart structures are currently
capabilities. Adaptive structures overcome the short- being developed. The main technical objectives for the
comings of conventional passive structures because mathematical modeling of adaptive structures are
they independently react against both environmental outlined as follows:
influences as well as changes in the structure itself.
Therefore, they allow for a the development of constitutive equations of

smart materials and their Implementation Into
0 vibration suppression, software codes, e.g. finite element codes,
0 shape control, and 0 the formulation of mathematical models for mul-
* alignment precision control. tifunctional components, and

0 the development of optimization algorithms in
Due to their high performance and efficiency, adaptive order to compute the most efficient sensor and
structures offer additionally vast advantages, for actuator positions.SInstance:
isneIt is emphasized that the constitutive equations of all
* low energy consumption and, consequently, envi- the abovementioned smart materials have to take into

ronmental benefits, account coupling effects: either an electro-mechanical,: noise reduction and, because of this, e.g. better a thermo-mechanical or a magneto-mechanical coupl.
working conditions, ing. These coupling effects must also be considered in
delay of fatigue and, therefore, reduction of the development of mathematical models of multi-
maintenance and extension of life, functional actuators and sensors, e.g. finite elements
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for plates and shells with piezo-electric polymers 2.1 Continuum Formulation of the Plezo-Electric
bonded to the surfaces. Equations

This paper is concerned with the finite element analy- Balance laws
sis of smart structures and is divided into two parts: The balance laws serve as the starting point for the
the first one considers piezo-electric materials and the variational formulation of the governing equations. The
second one shape memory alloys. The first part starts mechanical balance is given by the conservation of
with the derivation of the electrical and mechanical momentum
balance equations and their coupled weak form. Two
finite elements are derived from this formulation: a a2u
shell element taking into account piezo-electric Div S + p b = p _ t . (1)
polymers bonded to the upper and lower surfaces of
shell structures and a truss element with an integrated Here, S denotes the symmetric stress tensor, u the
piezo-electric ceramic. The shell element is used for displacement vector, p the material density, p A'u / at'
the analyses of two problems: vibration excitation of a the inertial forces per unit volume, and pb the body
thin plate and vibration control of a cantilever beam. forces per unit volume.
The problem of optimal actuator placement is solved
for the case of adaptive truss structures by use of the The electrical balance expressed by use of the electric
piezo-electric truss element. The optimal placement displacement vector D is written for an insulating
strategy is based on the Independent Modal Space material as
Control and finite element computations of the eigen- Div D =0 . (2)
vectors that consist of displacements and electric
potentials.

In the second part of this paper the physical basis of Variational formulaton
shape memory behavior is outlined, and the imple- The equivalent coupled weak formulation of Eqs. (1)
mentation of a general one-dimensional constitutive and (2) is very useful from a numerical point of view
equation, proposed by Brinson [3], into a non-linear because it serves as the basis for the subsequent finite
finite element code is presented. This finite element is element formulation.
applied to the example of a clamped composite beam
with integrated shape memory alloy wires, of which the Introducing the vector function
temperature is varied in order to tune the elgenfre- p{ U, D )T (3)
quencies.

(which is composed of the displacement vector u and
2. FINITE ELEMENT ANALYSIS OF STRUCTURES WITH the electric potential f), as well as its variation

INTEGRATED PIEZO.ELECTRIC DEVICES 6p ={u, 640$ (4)

Since piezo-electric materials can be used for actuator
as well as for sensor applications, they are very (which contains the virtual displacement vector 6u and

attractive in smart structures technology. Piezo- the virtual electric potential 6$ as test functions), Eqs.
electric materials are able to exert large forces when (1) and (2) are combined into the coupled piezo-electric

an electric field is applied. This feature Is used in the functional G in the configuration W
design of actuators. On the other hand, mechanical u
stresses cause an electric field and make piezo-electric G( ', p, 6p) = ( Div S + p b - p - ). 6u dV
materials well-suited for sensor applications. More- B at2

over, these materials offer the following advantages: r (5)
wide frequency range, high resolution in positioning +JDiv D 60 dV = 0
applications, extremely short reaction times, low ener- a
gy loss factor, and vacuum ability.

Here, V denotes the volume of the body B under con-
Piezo-electric devices for sensing/actuating purposes sideration. The configuration VF has been introduced
are commercially available in the following forms: especially in view of the non-linear formulation in

* stacked plezo-electric ceramics, Section 3. Using the transformations

* thin plates of piezo-electric ceramics, and Div S • 6u = Div (S. A6u) - S: Grad 6u
* thin foils of piezo-electric polymers. Div D 64 = Div (D 60) - D • Grad 60, (6)

The stacked forms of piezo-electric ceramics are con- Cauchy's theorem
structed in order to enlarge the displacements of ple-
zo-electric actuators. They are prestressed In order to S. n = t, (7)
avoid tension forces under working conditions. Due to for the definition of the traction vector i by use of the
their geometry, plezo-stacks are well-suited for truss unit normal vector n and Green's formula, Eq. (5)

applications. They replace either an entire member or results In (cf. Naillon, Coursant and Besnier f 4E):
a part of it. Thin plates of piezo-electric ceramics as

well as foils of plezo-electric polymers are preferably
used as layers bonded to surfaces of plates and shells. (], p Ap) =JEGrad Au : S -u u.p ( b u dV
The Influence of the very thin adhesive layers Is neg-

lected in the structural analysis calculations. Unlike r r ]
plezo-electric ceramics, plezo-electrlc polymers offer f 6u. idA + Grad 6. D dV (8)
the advantage that they are not brittle and, therefore, ae a
can work under tension. -JA$(D.n)dA=0

The following part of this section presents a linear
finite element formulation which allows for the analysis a!

of shell structures with plezo-electric layers bonded to Here, A denotes the surface 38 of the body 8. Because
the surfaces and of truss structures with plezo-electric of the symmetry of the stress tensor 8, the virtual work
members replacing conventional ones, of the stress is rewritten as

L _---_
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Grad 6u : S = Grad 6u + Gradr6u): S

= 6Em: S ,

where 6E,, Is the variation of the linear Green-Lagran-
gian strain tensor.

Constitutive equations

The linear constitutive equations expressing the cou- Piezo-Electric Ceramic
pling between the elastic field and the electric field can Corvenfonal Material
be written as SShell Elements = C Em - e.Ee

D=e :Em+a.E*, (10)

In Eq. (10) the 40 order elasticity tensor C is used in
the same way as in Hooke's law. Its constants are
evaluated at a constant electric field E.I. The electric
part of Eq. (10) is formulated by use of the 2" order
dielectric tensor a, evaluated at constant mechanical PiezoElectric Polymersstrain Ea The coupling between both equations is giv- 4 Cownia mtrl

en by the 3YO order piezo-electric tensor e. From Eq. w Conventional Material
(10) it can be seen that an applied electric field as well Fig. 1: Plezo-electrlc finite shell and truss elements
as a mechanical deformation of the piezo-electric
structure result in electric displacements and mechan-
ical stresses. The pyroelectric effect is not taken into mations, because only CO-continuity is required for the

account, I.e. the temperature variation is assumed to finite element shape functions. In order to avoid shear
be negligible, locking, a reduced integration of the shear terms in the

element stiffness matrix is carried out.
The electric field E., is related to the electric potential0 by The finite truss element is based on a standard for-

mulation which is extended to account for incorporated

E,,- Grad4' . (11) Biezo-electric devices (cf. Lammering, Jia, Rogers
Eq]).

The basic equation for the finite element formulation Within a single finite element Q(.) the vector p is

The final expression of the weak problem is obtained approximated by

by combining the variational formulation Eq. (8) and h 01 r 0 1
the constitutive equations (10), taking into account Eqs. P oh 0 No, 0 (13)
(9) and (11): (0) j

G( T, p, 6p) where N, and N*, contain the shape functions for the
approximation of the displacement field uft and the

f E6Em,: C : Em - 6u. -p (b - )] dV electric potential field Oh, respectively. In the case of
a3t piezo-electric shell elements, the mechanical part u(.),

rof the generalized nodal displacement vector
-J6u. idA - fGrad 60 -.a Grad ' dV {U(.Y, ,*(e,} at node / consists of the displacements u,
N9 B (12) v and w and the rotations 1, and i ; the electrical part

*(,y is composed of the potentlas O,, and 0, at the

-f (D. n) 60 dA + j6Em: 9. Grad D dV up er and lower surfaces, respectively (cf. Lammering

OB B 8r
+- Jorad 60¢- el: EmdV -- 0 .Pf = I u(eyl, Oley)/ (14)

B = {ul, v), W X, pyi, .1. ¢. 4'II}T .

Note that Eq. (12) is linear in the electric potential 0 In the case of piezo-electric truss elements, the
and in the displacements u due to the restriction to the mechanical part u(%)j at node i is given by its single
linear Green-Lagranglan strain tensor. nodal degree of freedom, the axial displacement ul. The

electrical part *(,) is not defined as a nodal quantity
2.2 Finite Element Formulatien but as a degree of freedom in the Interior of the ele-

ment, see Lammering, Jia, Rogers [9]. Thus, for the
Based on Eq. (12), the extension of conventional finite two-noded truss element in Fig. I the generalized dis-
element formulations to problems of piezo-electricity placement vector of the element reads
Is considered. A "I element for shallow shell struc- p=(u),*(.))T U1 . (15)tures with plezo-electric polymers bonded to the sur-P {ue, e) "{uu, }T ()

faces as well as a truss element with an incorporated
plezo-electric ceramic are presented. These elements The variation 6p of the state variable vector p Is cal-
are depicted in Fig. 1. culated In an analogous way to Eq. (13):

The finite shell element Is based on the Isoparametrlc 61. 6uh rN IN. 0 -l[ 6u(")1fruain orinal prpoedby Wagner [5] (see L0 0J No J60t)j (16)
also Wagner, Wriggers, Stein [(6) and extended for the (0 [
calculation of composite material shell structures by where 6(.) denotes the variation of (.).
Lammritng [7]. This cwoposite material formulation
Is used for the integration of the plemoslechtc polym- By use of of the matrices S, and @,h conslsting of the
ers. The shell element Is obtained from the shear derivatives of the shape functions, the Green-Lagran-
elastic version of shell theory. From a numerklal point gilan strain tensor as well as the electric field are I
of vlew, It is advantageous to Indclde the shr defor, obtained:
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Er 0 1ru(.1 reduce to scalar quantities. For this reason the consti-
E,= oJ ,i . (17) tutive equations (10) are simplified and become two

4(.) scalar equations. Lammering, Jia and Rogers [9] give
a detailed derivation of the stiffness matrix presented

The corresponding variations read in Eq. (19) for the special case of a truss member with

6E5] E m 0 -F6u(ol] an integrated piezo-electric ceramic.

6Eh] = [ e0 i,60(.,1 (18) 2.4 Applications of the Finite Shell Element

With these equations the semidiscrete approximation The general purpose Finite Element Analysis Program
of the weak form in Eq. (12) yields (FEAP) originally developed by Taylor (Zlenkiewicz and

Taylor [11 ]) was chosen for incorporation ,i the new
G( I, p, 6 p) = finite elements.

"f Ti ] the vibration excitationof thinplateandthevibration

6u(l) I , [ U(*) control of a cantilever beam. Both examples require a
&OT. T; Tr BTd 81 ie)time integration algorithm which is achieved by the

-e- f el 8edQ standard Newmark Method. The displacement incre-

'e) 110) ments are calculated by

[ 6u(T) f p NM NM dfl a2U(.)1at2] (19) MKatAtF (21)
"+["1. ±M.( J(.,

60e ()041(e) 2& a At Kp,.
L "The subscripts n and n + 1 indicate the time step, a is

NTpbd + f 010an integration parameter which is chosen as 0.25, andNf p A •+ Nm:d(• t is the time increment.

S 6u 410 ) N T" (o =/ 0 , Vibration excitation of a thin plate

(5*o)][J " NT/( D " n ) d(8•) ] In this numerical experiment a simply supported rec-
"tangular plate is excited by use of rectangular PVDF-
polymer patches bonded to the upper and lower sur-

which is observed to be in form a standard finite ele- faces. The geometry and material data are given in Fig.

ment formulation with an extended nodal displacement 2. Dimitriadis, Fuller and Rogers [12] present an ana-

vector. In Eq. (19), Q denotes the volume of the finite lytical solution of this problem using Fourier series

element, aD its surface, and n. the total number of expansions.

finite elements. The first expression on the right-hand
side represents the stiffness matrix, the second the
mass matrix, and the third one the vector of applied PVDF-Polymer
forces. Thus, the corresponding matrix notation reads

Kp+Mi=F, (20)

where K Is the stiffness matrix, M the mass matrix, Fi
the vector of applied forces, p the generalized dis-
placement vector (consisting of the nodal displace- .. .
ments and the electric potential), and p the corre-
sponding acceleration vector.

2.3 The Constitutive Equations for Shell and Tr'uss
Structures __-1

Since the transverse normal stresses are neglected In

the calculation of shells structures, the three-dimen-
sionae constitutive equations have to be adapted to the I. 3 4--
plane stress state. 38

Furthermore, it has to be considered that from a
structural mechanical viewpoint a structure with pie- Material properties
zo-electric materials on its upper and lower surfaces PVDF-Polymer
Is a laminated composite. Therefore, the elasticitymatrix C In Eq. (t0) Is formulated In the some way as Young's modulus negligiblematrix CInEq.(10)iIstformuatedIn theo( same wayasdielectric permlttivity 4.40. 10- C/4n2
In classical lamination theory (d. Jone [10]). dielectric ceflclonll 1.06.10 ` F/m

The electric part of the constitutive equations (10) is Stee"
adjusted to thin layers of plezo-electrlc materials by Young's modulus 2.07.10" N/mr
taldng Into account that the electric field vector Is per- Poisson's ratio 0.292
pendicular to the surface of the layer. This means that
a scalar equation is sufficient for the calculation of the ! ± 1000 V
electric field In each layer. A comprehensive Thikm 1.t1gcm
description of the constitutive equation, considering
the abovementloned characteristics ofa shell structure Fig. 2: Simply supported rectangular plate (dimensions
with plezo-electrlc layers, Is gie by Lammoring [81. In an)l discreatzalton and materiel properties
In the case of a truss nmbellr with an Intelrated pie-
zo-sectric ceramic, the strain sate and the electric The excitation frequency Ll - 600 radio Is between the
field are one-dimonadonal and the tonaore 1, *in 115 reo frequences , - 43?.4 radja and
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,= 941.3 rad/s. In Fig. 3 the displacement distribution procedure is started within the time step. In this
along the line y-= 0.15 m is shown. It is apparent from example the control forces are calculatpd by use of the
Fig. 3 that there Is a node close to the actuator velocity vector in order to ensure that V < 0 holds true,
boundary. The results of the finite element analysis cf. Eq. (23). From the numerical investigations it has
and the Fourier series expansion agree well. been observed that a small variation of the control

forces does not affect the velocity very much and that
only a few iterations are necessary to get equilibrium

0.I when the method of direct iteration Is applied. The ini-
tial value of the control force is taken from the pre-

-7.0 . .. wh......ceding time step.S.. .. ..... . .. . .................... . .... . .... ... ........ .. ...................

The geometry and the material data of the beam under
-14 ........................ ...................... .................. consideration are taken from the study of Bailey and

Hubbard [15] and are given in Fig. 4. Ten finite ele-
- -.. ments are used for the discretization of the beam. The

test procedure is to hold the tip of the beam at 0.005
FIN.-ELEN.-TSISl m displacement, release it, and observe the vibrations.

------. FOIE-SERIES-EP-. -.... .. --- In the case of the controlled beam, the voltage is con-
stant over the entire length, and the lower and upper

S- - piezo-electric layers are charged differently in the sign.
In the numerical investigations, the maximum voltage

i • of 50V is much lower than the breakdown voltage of the
-42. .5-. 0 2, .. 6. PVDF-polymer, which is beyond 1000V. The magnitude

X-CORINRTINE ICMI] is chosen to be directly proportional to the negative tip

Fig. 3: Displacement distribution at the excitation fre- velocity.

quency Q 600 radls
5I.0 y

Vibration control of a cantilever beam - rzu~urm

In this example the piezo-electric polymers are used .------ mIIca. lIIfI
to damp out the vibrations of a cantilever beam. For ,.- ... [iI aiS
this purpose, a control law has to be formulated. The
second or direct method of Lyapunov Is used to form
the basis for the design of an optimal controller (Ogata . .0 .. ...............
[13], Banks [14], Bailey and Hubbard [15]). Lyapu- I "
nov's theorem Is applied to the semidiscrete equation
of motion (20). An appropriate Lyapunov function is . ............ ....... ........, ... ....................
given byI

V =pT Kp+pT M , (22)

which is proportional to the energy of the system.

Asymptotic stability is achieved when

dV 0. 30.0 20.0 30.0 40.0 10.0

dt =V= p F+Fp<o0 (23) TZIME Is]

Fg5:ipdisplacement decay envelopeholds true. This means that the controller has to work Fi.5Tpdslaentecynvoe

in such a way that the applied voltage produces stress The results for the controlled beam are shown In Fig.
resultaunts opposing the velocity of the system. 5, where the tip displacement decay envelope is

It can be seen that the vector of applied forces on the depicted. The agreement between the analytical aol-
right-hand side of Eq. (21) has to be taken at time ution and the finite element results Is very good. The
t = tnl+ 1. However, at the beginning of the time step the numerical and analytical solutions can be compared
control forces are unknown. Therefore, an iteration with the experimental results presented by Bailey and

Hubbard [15]. Eliminating the influence of the struc-
tural damping in their study, the damping effect due to
the control forces Is calculated as
.d, 8.5. 10- N/nm. On the other hand, the finite ele-
ment computations result in a damping coefficient

=df, = 6.14. 10-4Nalm. The data taken from the exper-
Imental investigation, also depicted In Fig. 5, agree
satisfactorily with the numerical results.

'PMvoF-Po~ywr 2.5 Optimal Placement of Actuators In Adaptive Trnus
o.3002 T Structures
002e .M. In this section a brief derivation of the objective func-hZ.w Young's fous• C 2 1. W10"N'z w ow"g. o0kgru 2 tion for the optimization of the actuator locations Is

12.7 IVmly, w given. A more comprehensive description is given by
Young's modulu C 2.0. 10'Nre' Lamnering, Jim and Rogers [9].
Domlly p 2e4o /r'
&A eft 0 a y 0. oo4 c,/o Independent Modal Space Control
01 1 Ct6C C0dff l r.. 0.1082. 10" F/rn The starting point In the derivation of the optimization

Tip mne M s73. 10, kg algorithm Is the semidiscrete equation of motion (20).
Using p - 0q (q: vector of modal coordinates, 0:

FOS 4: Test structure (not to scale, dimensions In mm) modal shape matrix), a modal apace representation
anld rrter0e properFes with uncoupled equations of motion Is obtained:
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m4kq = 4T q In this case the number of actuators is equal to the
m TF (24) number of controlled modes. The advantage of the

4 +m- kq=f. coupled piezo-electric formulation is that the modal
e TMe mass forces can be expressed directly by electric quantities,

Here, m = 0 denotes the modal matrix, because the electric potentials are included in 0, and
f = m- 'TrF the modal force vector, and k = OrK 4 the consequently in B, and the point charges are contained
modal stiffness matrix. A state space representation in F. If B Is a square matrix, F is calculated by
of the k-th equation reads

F=--B-f. (33)
6k AkUk +w , (25)

An inverse matrix B- 1 exists if the system is control-
defining Ak,. ukA.d--wk by use of the k-th eigenfre- lable. Using the pseudoinverse of B, Lindberg and
quency wk = .V(kkmA) Longman [17] as well as Jia [18] developed tech-

niques that avoid the stringent requirement for the
uk = [qk, 4Aq-k] number of controlled modes to be equal to the number

0 [ ' 1, of actuators.
Ak=[ k 0) 1 0T (28) Assuming that the modal control forces are uncorre-

= [0, fAMA] lated with each other, uniformly distributed, and within
W jthe range from C - b, + b], the density function p Is

The optimal control problem is observed to be the sum p (f,) = 1/(2b)m, where m denotes the number of
of n second order optimal control problems given by modes to be controlled. The objective function now
the quadratic cost function becomes

j , E(FTF) = fTB_ TB_ If ' df df2...dfm

Jk f>.. f (2b)m
k=1 rm rZ f, (34)

(27) = 2tr (B- T - 1- min.

f- ( ukTQAuA + wTRkwk) dt -+ min m

A=- 0 Since the constant b2/3 does not affect the minimiza-

where n is the number of eigenmodes under consider- tion process, the objective function finally reads

ation, tj is the final time, and R, and Q, represent z,--tr(B-T8-1) -+ min. (35)
weighting matrices. Each modal cost function J, is
minimized independently, resulting in In order to minimize the spillover energy, the modal

forces f, of the modes beyond the m controlled modes
wA -- R" •Ku, (28) are considered. They are related to the physical con-

trol forces F via the modal participation matrix B,
where the symmetric matrix Kk is the steady state analogously defined to W'
solution of the Riccati equation
0 = - K*A - ArK - Qk + KR; 1K, . Introducing the f, = B F . (36)
elements of Kk, e.g. given by Meirovitch and Baruh
[16], the control force of the k-th mode is calculated A suitable objective function Is the mean value of the
as vector f,

FA wA(OA- )qtE {ffE}=E {[ T(, I)T(B EB)f} -- min (37)

r_ ~ \r__- 1 'r * (29) resulting after an analogous calculation of the mean
-[ V 2W - c1A + +rA) + A value as before in

where rk = rkAa . Eq. (28) shows that the actuator z2 = tr ( B B- I)T( B, B- 1) -+ min (38)
location does not affect the magnitude of the modal A multicriterla optimization problem has to be solved
control forces fk. However, there are various ways to in order to make a compromise between the objective
generate f, from the nodal forces F, because the con- functions In Eqs. (35) and @8). Solution strategies are
trol effort depends on the actuator location, described e.g. by Osyczka L191.

Actuator placement optimization Optimal actuator placement by use of the piezo-electric

Introducing the control forces fA, the controlled finite truss element
vibration is described by The truss structure under consideration, its support,

q+ + ug qk =O, k 1.2,...n (30) and the numbers of the elements are depicted in Fig.
6; the material properties are as follows: Young's

where hk and gk are constants depending on wk and rk. modulus C = 2.1 . 10" N/mr, cross section area
The motion of the controlled structure depends solely A = 5.0. 10- i m t , mass density p = 7800 kg/m- 3, pie-
on the initial conditions. Therefore, the modal control zo-electric coefficient e = 0.044 C/mO, dielectric coeffl-
forces and, consequently, the physical control forces clenta= 0.1062. 10-1 F/rn. The active part of the truss
are considered to be random variables, and a suitable member Is located In the center and it Is assumed that
objective function is the mean value calculated from it takes one third of the member length. The optimal
the square of the vector of physical control forces actuator position for minimum control effort of the Is

and V bending modes as well as for minimum spill-
E(FTF) - min . (31) over energy into the 3" and 4 bending modes are

presented In Fig. S. This figure shows that the minimi-
The definition of the nodal control forces Is taken to zation of the objective function z1 , minimization of the
express f by F: control effort, Is obtained when the actuators are

f - 8 F , (32) located at the truss elements 1, whereas the minimum
of the objective function zj, minimization of the spill-

where the modal participation matrix 8 is defined as over energy, Is achieved at the truss elements 2. Fur-
III - r-*T A uie solution for the physical control thermore, It can be seen that there are compromise
forces F can only be caculated If 8 Is a square matrix, solutions, such as 3, 4 and 5.
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10 x 0.5 m
x1 I control effort minimum

2 Spl'over minimum
0.8 3. 4. 5 possible compromise solutions £ 8 ,

sa) b) c)

0.6

x 3 X x x Fig. 7: Schematic of stress-strain curves of shape mem-
xx ory alloy mechanical behavior. The non-linear loading

03 - x portion of the curves represents detwlnning of marten-
x4 site variants or transformation of austenite to marten-

x5 site. In b) and c) the non-linear portion upon unloading
.0.0 0 Is due to the Inverse transformation to austenite. a)

0.7 OAS 0 2* 1.0 . T< Ag, beginning with 100% twinned martensite, b)Control effort. zi* 10 - T > A,, beginning with 100% austenite. c) A, < T < A,,

Fig. 6: Optimal placement of two actuators beginning with 100% Austenite.

The physical reason for the complex thermo-mechani-
3. FINITE ELEMENT ANALYSIS OF STRUCTURES WITH cal behavior of shape memory alloys is caused by a
EMBEDDED SHAPE MEMORY ALLOY WIRES phase transformation. At high temperatures the

In contrast to piezo-electric materials, the use of shape stress-free shape memory material is in the austenite
memory alloys in smart structures Is based on stress- phase. During the cooling process the crystal structure
and temperature-induced phase transformations undergoes a transformation into the martensite phase.
which can cause forces and/or displacements. Since This stress-free state is characterized by multiple
the material properties of shape memory alloys are martensite variants, each consisting of twin related
sensitive to the composition, a particular ,alloy with martensites.
specific properties can be tailored for each individual
application. An optimal design can be determined by In the stress free state a shape memory alloy material
systematic variation of the material properties in the can be considered to have fou, transition tempe r-
finite element analysis. atures: Martensite Finish Mf, Martensite Start M,, Aus-

tenite Start A, and Austenite Finish Ap This paper is

The remarkable features of shape memory alloys that restricted to materials with transition temperatures
make them especially suitable for active elements in graded as M, < M, < A. < A,. The transformation
actuators are their capacity for high forces, high dis- regions are given by the respective start and finish
placement reliability with temperature control, and the temperatures. In the temperature range M. < T < Ag
potential to create compact powerful actuators. More- no phase changes take place and both martensite and
over, in contrast to piezo-electric or magnetostrictive austenite can coexist.
materials, shape memory alloys offer the advantage
that they can exert large repeatable displacements at When unidirectional stress is applied to a shape mem-
zero or constant load. Additionally, since shape mem- ory alloy wire in the martensite phase, there is a crit-
ory alloys are mainly manufactured as wires, their ical value, dependent on the temperature, at which the
integration into smart structures differ from the other martensite variants begin a detwinning process,
abovementioned actuator/sensor materials. A promis- resulting in a single variant of martensite. Additionally,
ing method that is currently being investigated is to when a shape memory alloy in the austenite phase is
embed the wires into a composite structure, loaded, a transformation into the martensite phase

In the following, the mechanical behavior and the (which also consists of a single variant) is observed.
associated metallurgical phenomena are outlined, and These detwinning processes cause the apparently
a constitutive equation based on the work of Brinson plastic deformations in the stress-strain curves. Fig. 8
[3] is presented. Since shape memory alloys exhibit shows that it depends on the temperature whether this
large recoverable strains (on the order of 10% ) and stress induced variant of martensite is stable or not
due to the highly non-linear constitutive equation, a
finite element formulation is presented, which takes
into account geometric and material non-linearitles. O

3.1 Phenomenological Behavior of Shape Memory

Shape memory alloys exhibit a strong temperature-
dependent stress-strain material behavior. At low
temperatures an apparent plastic deformation follows
the elastic deformation, and a large residual strain can
be left after unloading (see Fig. 7a), which can be c?
completely recovered by heating the specimen. This
phenomenon Is called the shape memory effect. At
high temperatures a shape memory alloy specimen ac0 CA
also exhibits an apparent plastic deformation after the
elastic deformation. Hewever, this is fully recovered
during unloading in a hysteresis loop (Fig. 7b). This
non-linear elastic behavior Is called p•eudoelasticlty. M M, As At T
Furthermore, there are temperature ranges in which
only partial pseudoelastic recovery takes piece (Fig. Fig. 8: Critical stresses for transformation or martensite
7c). The residual strain after unloading vanishes when twin conversion 5s function of temperature. Plasticity
the specimen Is heated. reglon Indicated.
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during unloading. If the temperature is above A&, aus- E=--(Gradu + Grad T + Gradu - Grad u (43)
tenite is rebuilt during unloading and the stress-strain 2
curve exhibits the characteristic hysteresis loop. At
temperatures below A,, the detwinned variant of mar- Its variation, which replaces the variation of the dis-

tensite is also stable in a stress-free state. Therefore, placement gradient, is calculated as

a large residual strain remains after unloading, but it 1
can be recovered by heating the material above A,. 6E - (Grad 6u + GradT(u + GradT6u • Grad u2 r (44)

+ Grad~u. Grad 6u).
3.2 Constitutive Equations for Shape Memory Alloys Now, the weak form of the balance of momentum can

The constitutive equation presented by Brinson [3] is be written in the reference configuration by
used for the subsequent finite element implementation. 2
This constitutive description Is derived on a thermo- Wb= r uS-6u.p(b- d
mechanical basis, has a relatively simple mathematical T)] uV

expression, and includes only quantifiable engineering 8 (45)
variables and material parameters in its expression. [
This one-dimensional constitutive law is given in the f
following form: as

S - S, = D ( • ) E - D ( to ) Eo An iterative solution technique based on Newton's

(( TO ,(39) method is used in order to solve this equation and to
preserve the quadratic rate of convergence. Newton's

where S is the second Piola-Kirchhoff stress, T is the method makes use of the expansion of the non-linear
temperature, and ? is an internal variable representing equation into a Taylor series at the location of a given
the stage of transformation. The function D denotes the approximation. The procedure for linearizing the
modulus of the shape memory alloy material, Q is equations of continuum mechanics is comprehensively
considered the transformation tensor, and 0 is related described by Marsden and Hughes [21 ] and Hughes
to the thermal coefficient of expansion. The subscript and Pister [22].
0 indicates the initial state or the initial conditions. The
martensite fraction is additively decomposed into a At a known configuration W, the linearization of the

stress-induced part, ý,, and a temperature-induced non-linear function G(Y, Au) is given by

part, ?r, G('F, 6u) = G(Y, 6u) + D{G(iF, 6u) }. u, (46)

" =s +- CT •(40) where G(T, 6u) is the value of the non-lingar function
Experiments have shown that the modulus in the aus- in the unknown configuration W and D{_QF, 6u) ) • u is
tenite phase is about three times larger than in the the derivative of G at the configuration T in the direc-

martensite phase. A linear dependancy of the modulus tion of u. It is obtained by

on the martensite fraction Is assumed DG(V., 6u)
(4)D{G(W,A6u)).u - -' (47D ( )=D, + ? (Drn -- D,), (41) d M (47)

where D. is the austenite modulus and Dm is the {G( + cu, 6u)) I,=0.

modulus when the material is in the martensite phase
(twinned or detwinned). It has been shown by Brinson Rigorous linearization of the weak form of the

[3] that the transformation tensor is related to the momentum balance equation results in (Wriggers

modulus function by [23)):

1 ( ) = - EL D(), (42) G(W, bu) = G(T, 6u) + JfGrad u. S: Grad 6u dV

where EL is the maximum residual strain of a shape a (48)
memory alloy and a material constant. + fJF(W, 6u)[D{S(Y)) • u-]. Grad 6u dV

In addition to the constitutive law (39), evolution a
equations for the temperature and stress-induced
martensite fractions are necessary to complete the set Here, F denotes the deformation gradient and S Is the
of governing equations for the shape memory alloy second Plola-Kirchhoff stress tensor. The linearization
behavior. An empirically-based cosine model to repre- of S Is calculated in the next section with respect to the
sent the martensite fraction as a function of stress and constitutive equations of shape memory alloys. In a
temperature during transformation has been devel- finite element formulation, the first Integral expression
oped by Uang and Rogers [20]. In order to be coin- of Eq. (48) results in the initial stress matrix, the sec-
patible with Eqs. (39) and (40) and to capture shape ond Includes the linear stiffness matrix and the initial
memory alloy behavior at all temperatures Brinson displacement matrix. Newton's algorithm Is obtained

[3] modified these equations. The evolution of ?r and when Eq. (46) is set to zero and the deformation

t, is described by different equations for conversion to increment is calculated by

detwinned martensite and for conversion to austenite. DG (W, 6u). u G (W, 6u) (49)
Moreover, there are different equations for conversion
to detwinned martensite below and above MU. These Linearization of the constitutive equation
equations are not repeated here for brevity's sake. The linearization procedure given by Eqs (47) Is now

applied to the constitu•Lve equation (39) in order to
3.3 Non-Unear FInite Element Formulatlon calculate the term D(S(Y)) • u in Eq. (48). One obtains

For the numerical study of shape memory alloy D(S()) u d (D(( + Lu)) £(Y + s)
behavior, the mechanical part of the variational for- do

mulation Eq. (8) serves as the starting point. However,-+ WOW + 8u)) Uv + IV)) 0
since shape memory alloys exhibit large strains, it Is d -

essential to extend this linear formulation to the non- - - {D(O(Y + 6u))
linear case by Introducihg the non-linear Green-La- tE +
grange strain tensor EW + eu) - El ?,(V +
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Note that the configuration-independent quantities Material properties of the shape memory alloy
have been left out in this equation because they vanish
in the linearization procedure. The calculations which Moduli D, = 67 .10' MPa
have to be carried out are straightforward and are D, = 26.3 10' MPa
presented by Brinson and Lammering [24]. Finally, E) = 0.55 MPaI0C
the linearized second Piola-Kirchhoff stress reads Density p = 6448.1 kgfm3

D(S(--)) • u = H 5 FTGrad u. (51) Transformation Temperatures M, = 9*C
(cf. Fig. 8) M. = 18.4'C

The overbar is introduced for the r9presentation of a A, = 34.5*C
value at the known configuration T. H is a variable A,= 49.0'C
depending on material properties, the temperature, Transformation Constants C_ = 8 MPal°c
and the stress. Moreover, in the calculations of H it Taforaion C t CA = 8 MPal0 C
must be distinguished whether the material deforms (cf. Fig. 8) CA - 1304 MPaC
elastically or converts to detwinned martensite or to r =-100 MPa
austenite. In the case of purely elastic deformations, I =170MWa
H is equal to 1. Furthermore, In Eq._(50) D is the Maximum Residual Strain eL = 0.067
modulus, and the deformation gradient F as well as the Materl properties
displacement gradient Grad u are defined as vector for the fiber-reinforced composite strip
quantities Tension Stiffness DA = 3.050.10-5 N

F= v., Gradu' u (52) Mass per Length p =3.5. 10-2 kgm

w. Gra " Thermal Coef. of Expansion a = 1.2. 10- 1/C

Here, u, v and w denote the displacements in the x, y Table 1: Material properties used In the active frequency tun-

and z direction, respectively, and the subscript ,x indi- Ing example.

cates differentiation with respect to x. Fig. 9 shows a fiber-reinforced composite strip with

Eqs. (48) and (51) are combined and cast into a nota- eight embedded shape memory alloy wires. The mate-
tion appropriate to form the non-linear element stiff- rial properties of the composite strip are given in Table
ness matrix K' for truss elements of shape memory 1. The structure with a total length of I m is clamped
alloy at both ends. The initial conditions are 0.5% residual

strain of the shape memory alloy wires, no prestress,

= H D AT F T? dx §+ S AT5 dx, (53) and temperature To = 20*C. From these values the
f f stress-induced and temperature-induced martensite
I I fractions are calculated as , 0.075 and fTo = 0,

where A and I are the cross-sectional area and the respectively.

length of the truss member, respectively. B denotes a In the numerical experiment the first two eigenfre-
matrix that contains shape function derivatives and is quencles of this structure are calculated as a function
well-known for truss applications from finite element of temperature. The results are presented in Fig. 10.
textbooks. Note that the formulation in this equation When the structure Is heated, there is a slight decrease
differs from the standard finite element formulation for in the eigenfrequencies until the temperature reaches
non-linear truss members only by the H-factor. It 35*C. In the range from 35°C to 75°C there is a strong
should be emphasized that this H-factor preserves increase in the eigenfrequencies, after which they
quadratic convergence in a solution algorithm based
on Newton's method and that Eq. (53) represents the slowly decrease again when the temperature exceeds
exact75C. When the structure is cooled, a hysteresis loop
problem. of the elgenfrequencles vs. temperature is observed.

Note that the frequency at the end of the cooling cycle
does not return to the pre-loading levels; this is due to

3.4 Active Frequency Tuning of a Composite Strip the fact that because of the high stress obtained during
heating, upon cooling the material first encounters the

Although the use of shape memory alloys is limited'by state at which that stress level and the T. would prod-
the low frequency (maximum 2 Hz) at which they can uce a strain of 0.5% In the shape memory alloy. Since
be run, shape memory alloys can be used in many the specimen Is heated again from here, one obtains
dynamic applications. One possibility currently being
researched is structures with embedded wires of shape
memory material, activated by an electric current to
vary the temperature. Active frequency tuning of this
type can be used, for example to avoid resonances.
An investigation of this particular application of shape I

memory alloys is demonstrated by the finite element -- - -

procedure in the following example.

Composite Material ----

Ss1St (1K?SI!
AShape Mefrnoy Pciy \Wires 0. 6.0 .0 467 s~ .1e 1s e

TEMPERATURE (*C)
Fig. 9: Cross-sectlon of the composite strip with embed-
dad shape memory alloy wires. Dlemaetr of wires Is Fig. 10: Variance of elgenfrequencles of the composite
taken to be O.5mm. strip with temperature.
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FIBER-OPTIC INTERFEROMETRIC STRAIN GAUGE FOR
SMART STRUCTURES APPLICATIONS: FIRST FLIGHT TESTS

N. FHrstenau, D.D. Janzen, W. Schmidt
German Aerospace Research Establishment (DLR)

Institute for Flight Guidance
Flughafen, D-3300 Braunschweig, Germany

SUMMARY conditions. The fringe counting readout of a double-
polarization Michelson Interferometer with balanced

Initial flight tests of a fiber-optic strain gauge (OSG) interferometer arms (OSG) [4], as registered by an up-
based on a double-polarization Michelson interferometer down counter, Is compared to the strain indicated by a
with Incremental readout via fringe counting have been conventional resistive strain gauge (ESG). The
performed. The passive quadrature demodulation measured strain is related to aircraft speed, as indicated
technique allows for balanced interferometer arms, by a differential pressure sensor, and to vertical
exhiilting partial self temperature compensation. A bent acceleration, measured using a servo accelerometer.
reference (R) arm approach for the sake of isolation of Temperature compensation of the ESG requires a
the R-arm from the strain to be measured was tested for second gauge which is Isolated from the strain to be
the first time. The sensor was surface adhered on a measured. The advantage of the interferometric sensor
carbon fiber reinforced plastic plate which, in turn, was with balanced arms is its inherent partial temperature self
screwed to the main wing spar of a Cessna C207A compensation [6].
aircraft. Strain was measured under different flight
conditions and compared to the readout of a 2. EXPERIMENTAL SETUP
conventional resistive strain gauge (ESG). Good
agreement with the theoretical predictions as well as with Fig. 1 shows a schematic of the interferometric sensor
the readout of the ESG was observed for short term (of element. The linearly polarized wave from a I mW HeNe
the order of minutes) quasistatic strain measurements laser (L) passes an optical Isolator, and is guided to the
despit large vibration Induced noise. The Fourier spectra interferometer via 3 m of cabled polarization maintaining
of the time series exhibited also good agreement fiber, after coupling into the fiber by means of a GRIN
between ESG and OSG with respect to the dynamical lens fiber coupler (0). It is connected via an NT'-FC
response up to at least 250 Hz. The measurement range single mode connector (FC) to the input arm of a 3 dB
and stability of the present experimental setup is limited directional coupler. Two equal length coupler arms with
by polarization Instabilities which parly are due to silvered end faces serve as reference (R) and sensing
anisotropic transverse stress effects at the adhered fiber (S) arms of the Interferometer. They are adhered to the
sectiorn Longer term dc strain measurements require surface of a thin carbon-fiber composite plate (CFRP) of
carefs"ly controlled isotropic adhesion conditions and rectangular cross section (thickness 2h = 1 mm, width =
miniaturized oplomechanical components with Improved 10 mm) near to a conventional resistive strain gauge
mechanical stability. (Hottinger Baldwin Meetechnik, type 6/1 20LY61), as

sketched In fig. 2. For the sake of temperature compen-
1. INTRODUCTION sation a second electrical strain gauge Is fixed on the

CFRP plate outside the strained region. Together, the
A large number of flber-optic intrferomitric and ESGs represent one half of a Wheatstone bridge. The I-
poladrnetric strain gauge concepts have been ber jacket is removed from both the R and S arms of the
Inveigated during recent years (ag. [1,2,3,4D). They Interferometer. The iengths of the fixed sections of R and
appear to be particularly well suited for embedment Into S arms are Le = LR = 48 + 0.5 mm. In order to reduce

~mart' structuxes made of composite materIals. birefringence variations under loading of the plie, Inkl
Howvr, very ite experience edgs up to now with ally only the end points of the fibers were adhered to the
resped to their practical applicability under reel world surface (using Hottinger two component strain g
conditions. Recently, Murphy at al (51 reported on ground glue, type X60). Becauee first measurements showed
tests of an optical Aber etrinsic Febry-Perot sensor fioed that the S arm was strained only aflter applying some
ner the wing root of an F15 alrcfaft, under simulated proetrees to the sample, a longer section LeKa =36 mm
flight condIltions with static and dynanic load. In this was covered by the glue before stwatI the 1lght tstls.
paper we report for the first time, to our knowledge, In- The corresponding adhesive covered length of the R arm
Sigtt optical strain measuremets oan th main wing spar Is Lp a &5 mm. The seitivera le then obtained
of a CESSNA C207A aircied under various lod asLs-Lma-46_+0.5mm.
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For the sake of isolating the reference arm from the
strain transferred to the CFRP plate by the aircraft
structure, the R arm is bent before it is fixed to the plate.
The mirrored end faces of the arms are separated by
2.5 mm. Fiber sqeezers (PA) at the R arm and the output 207

fiber serve as photoelastic polarization adjusters, and are Is _ _._ _-__ _ _

used for Initial adjustment of the offset phase difference
H " . A polarizing beam splitter (PB) splits the C/Pc

collimated (G = GRIN lens) output wave Into two or- SM . ,,- h--9
thogonally polarized interference signals (horizontal H,I C1 RP- S.p•

vertical V) with different phase offsets (O4 Ov). The -

light is then focused by GRIN lenses into (SMA) L.

connectorized cabled 100/140 pm muitimode output C
fibers (MF) which In turn are connected to PIN photodi-
odes (PD). The H and V signals are fed into an up-down L,-

counter (16 bit, 10 MHz) after passing through an LS
electronic readout unit (RE) for symmetrizing and
automatic intensity-offset control. Counting pulses are
produced at the zero crossings of both the V and H Figure 2: CFRP sample with surface adhered fiber optic
.ignais after offset subtraction, yielding an incremental and electrical strain gauges. The fixing positions at main
strain resolution of 0.07 pm. For the present tests the spar are indicated.
1 MHz bandwidth of the readout unit was reduced to
3 kHz In order to filter out small high frequency main wing spar of the C207A. The length of the strained
vibrations. These would produce problems in the correct plate section (I = 94.5 mm) is defined by the distance
up-down counting if the offset phase difference became between this and a second screw as indicated in fig. 2.
small. The simultaneous polarimetric signal [4] (offset
phase difference %H-%V) was not registered in these An elevated part on the spar In between the two screws
experiments because this would require a careful made it necessary to put spacers between the spar and
adjustment of the birefringent axes of the interferometer the CFRP plate. For this purpose, and In order to distri-
fibers with respect to the H, V axes, which was not bute the stress evenly over the width of the plate,
possible during the flight tests due to birefringence Aluminum pieces of the same width are glued over the
Instabilities (see below), screw-hole sections. Under flight conditions the sensor

carrying plate is pre-stressed by the lifting force acting on
the wings, because the sensor is Installed on the ground.

1 0- - -Preliminary tests with the ESG showed the pre-strain toL• • Cj P_..• I.• rbe about 200 Pa. This can be seen In fig. 5 of the

c following section.

'I
P-] PS 1.• 1j _ I'-PA PA]"i "lhe electrical strain gauge (120 0, length = 6mm, gauge

til'. 1....
i~ ~ ~~~M 1LS m._AL_,7<•• __y- -,,,,, factor k = 2.01) Is connected to a 5 Id-z-carrier frequency

l • -liI ll ' •,,- strain gauge arnpltflar (Hotting ar Baldwin M asatechnik,

strain gauge data are related to aircraft speed and
vertical acceleration (with respect to the wing plane),

C "Wmeasured by means of a differential pressure sensor

" (Rosemount model 1221F2ML ova"
e 1.451 V/1 000 Pa) and a servo accelerometer (Syatron

Donner model 4310 A senstivity 1.504 V/g) respectively.

Data Is acquired using a single board unit (Modular4,
Fiur 1: Schematic of Interfaromatric stain gauge with Sorcue Computer Company) containing a ZSO processor
CFRP plste, readout electronics and date acquisition. with 64 kB RAM, 16 channel A/D-coonvertsr with 8 me
For deaelis ame teat. conversion time, 3 10 MHz up-down counters, and 5t 8-bit

doWi 1/0 ports The data acquisiion board Is Oiuged
A plastic housing anlos the optical components of the Into the sqmaion unit of a COMPAQ SLT286 Laptop
Interfaromater. Between ith housing and the CFRP which Is used for controlling fth ZOO and doring the dota
sample, the Interferometer arms wre protected by means on a hard or floppy disc for off-One data evaluation.
of a silone tube. The housing Is permanently glued to. During Ifight, sampling rate were chse between 10
the CFRP awmple at the and poin of the srine and 500Hz with datafils eatw" eeng an~d 2minutes
section. At the same point a screw fixes the plate to the long.
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The OSG readout electronics with He-Ne laser, the strain where ex = strain In x direction, Va1h = Poisson
gauge bridge amplifier, and the data acquisition unit are contraction ratio and Edh = Youngs modulus of the
mounted in a flight-test rack which is fixed to the aircraft adhesive. Preliminary flight tests with a conventional
sea rails via shock mount& The Ap-sensor and the resistive strain gauge yielded typical strain variations of
accelerometer (with sensitive axis up) are mounted to the the order of a, = 100 pe. Multiplying a. with the fiber
side of the rack. cross section Dt = 125 pm yields an estimate of the

transverse line force f acting on the adhesive embedded
3. THEORY fiber section: f = oy D1 = 0.41 N/cm. By using (2) and

introducing the expression for f into the equation for the
The theory of the double-polarization interferometer has transverse force Induced birefringence as given by [11]
been described in detail in previous papers [4,7,8]. The we obtain, for the birefringence variation of the adhesive
following includes only a brief summary of those details embedded fiber section on the strained plate:
which are of relevance for the discussion of the results.

8 CS Vadh Edh
The two orthogonally polarized (horizontal H, vertical V) (3) E -
interference signals are described by a Efrl

PoTHV With the elastooptic coefficient [11] C, = -1.6 pm-1,
(1) PH.V ( 0+PH,V COS(A4 + OH,V)), Young's moduli of adhesive and fiber respectively

4(1+ LH,V) E.d = 1.3 1010 Pa, Enb, = 6.5 1010 Pa, and the
(estimated) Poisson constant va = 0.25, we get

where P0  = input power, T = interferometer pf = 0.2 rad/cm. In [8] it is shown that the birefringence
transmissivity, p = fringe contrast, and %.v = phase induced offset phase variation, in general, exhibits a
offset due to path imbalance and fiber birefringence. The complicated periodic dependence on Pf. For the sake of
offset phase difference AoHV = uH - OV chn be adju- getting an impression of the order of magnitude of the
sted, using the alasto-optic polarization adjusters, such effect, we treat the special case of the birefringont axes
that the H and V signals are in quadrature (4]. The gauge aligned with the H-V axes of the polarizing beam splitter.
factor relating the measurand induced phase difference, In this case a linear dependence of A4HV on Pt is
A0, to the fiber strain is given by [9] G = AVlAL = &A/V/L expected [4]
(a = relative strain AIJL, L = length of sensitive fiber
section of sensing arm S). The value for G Is obtained as (4) A4HV = 2 At LA,
[4] G = 1.318 deg/pl/mm = 3.66 2crae/pm. Counting half
fringes of both quadrature signals (a/2-phase shift yielding an offset phase difference variation of 1.2 red
increments) yields a strain resolution of G-1 = 0.0683 with LA = 3 cm. In contrast to [4], In the present
pm/count L+ 0.0001) or G = 14.6 + 0.1 counts/pm. The experiments the angle between the birefringent (fs) and
error is due to the uncertainties in the elasto-optic the H,V axes is arbitrary. Thus, in general, a periodic
constants [101. dependence is expected instead of the linear one of

equation (4), and this should reduce the maximum
it has been shown in 141 that significant variation of fiber &Ow-varlation. Our estimate. of the load Induced
bireffingance is produced under external load of the birefringence variation shows that under flight conditions
CFRP plate, iN the fiber is covered by the adhesive. This we operate at the critical limit for unambiguous fringe
gives rise to a variation of the phase offset difference, counting, particularly if there are additional uncontrolled
Aow = % - Ov. In order to maintain the unambiguity of sources of 1fvarlation (see ned section).
the fringe counting procedure, the variation from
quadrature must not exceed x/2. In [4] an estimate of 4. EXPERIMENTAL RESULTS AND DISCUSSION
the blrefflngence Induced offset phme variation is given
for the case of plate bending under a central load. The Six one-hour flight teats were performed, under verying
birefringence variation In this cas is due to shear strems flight conditions. Flight altitudes were genrally between
Induced transverse force acting on the adhesive covered 5500 and 7500 feet, depending on where the smoothest
fiber sections. Instead of plate bending, in the flight tests, air was to be found. The flight profiles chosen for the
sdal Wre Is transferred to the plate along Its long (i) production of wing loading were: I) stepwise aoreasee
ade Therefore, in this case, anlerMoplc cross and decreases of airspeed, between 60 and 120 knots,
contraction of the plate and the adhesive under andal with different flap positions (0 to 30 dogrees - no laps to
Wraln ls assumed, in order to estlmate the stress full fklps), 0) alternating, roughly parabolic flig path with
tranmwerse to the fiber lds (y-directlon, orthogonal to acocerations between 0 and +2g. NO up to 60 degree
plate surface). Elemnotary theory of olasicity yiolds for bank angle left and right turn, and M fast skernatIrg left
the y-sdres o and right partial rob (to about 70 degrees frm

horizontal In each direction). Ground teft with manuM
(2) -Ead V,,,i 6, wing loading at difter• engn idle sped (1000 to

2000 rpm), as well as with the engine off, yield addti
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OSG is seen from the regression slope to be
1.28+0.01 °//1p.mm (= 14.2 + 0.1 counts/pm), which Is

23 - 0 about 3 % lower than the predicted value, probably due

EM . to incomplete isolation of the reference arm from the

3 oM -30 strain. Naturally, these sensitivity values are only valid in
. the case of applied tension. Compression would cause

-17 -60 Z. fiber buckling, since the fibers are not fastened to the
sample over their entire lengths. In flight, however, due

-37 -90 to the effective strain bias mentioned earlier,
compression can not occur unless negative accelerations

--7 -120 are experienced.

-7-70S As an example of the flight test data, fig. 5 shows the0 5 10 15 20 25 30 rso~ . ss~t0Z. 5 1 is 20 5 3 responses of ESG, OSG and accelerometer to a series
TIME /SECONDS --- es

of 5 acceleration cycles between roughly Og and +2g
(normal to the wing) over a period of 35 seconds Again,
the correlations are obvious. Figure 6 shows a plot of the

Figure 3: ESG and OSG time series from ground test of strain data from fig. 5, in the form OSG versus ESG data,
manual wing loading with aircraft engine off. including a least-squares-fit line. The slope of this line

indicates a strain sensitivity of 1.26 + 0.01 °/pe.mm which
differs by 1.5 % from the ground test result, and by 4.5 %

23 from the theoretically predicted value.

0 -i

-17 70- 70

-37 -

-0 ACC- 30o -57

SESG'
-77 --10

-150 -> -120 -90 -60 -30

0 0 -230 0

Figure 4: OSG vs ESG for data shown in figure 3. Solid -90. -330
0 5 1 0 1 20 25 30 35line shows least-squares fit. 0 TIMIE I SECONDS

information on the response of the sensor under
conditions of reduced environmental disturbance. Figure 5: OSG (left ordinate), ESG, and accelerometer
Sampling frequencies were usually between 10 and data (both right ordinate) from alternating acceleration
30 Hz, and acquisition times were usually from one to flight.
several minutes for a single data file. Several runs of 2 to
5 seconds with 200 to 500 Hz sampling rate provide data If variations In the relative birefringence of the
for comparisons of the higher frequency dynamic interferometer arms cause the relative phase between
responses of the OSG and ESG. The OSG up-down the two polarization components to vary from quadrature
counter was reset before each run. by some value approaching 90 degrees (in either

direction), unambiguous fringe counting becomes
Figure 3 shows time series plots from a grotnd test impossible. This effect can produce arbitrary offsets in
performed outside of the hangar (in an unsteady wind) the data between intervals of normal operation. As
with the engine switched off. The wing tip was manually mentioned in the theory section, the primary
lifted and allowed to return slowly to its rest position, birefringence variation is due to the fact that, for them
repeatedly. The noise in the quasi-static section near experiments, most of the sensing arm was covered by
25 seconds is a result of shaking arms trying to hold the glue. Environmental disturbances such as small
wing up, while the effect of the unsteady wind can be temperature changes (which always accompany altitude
seen in this section and in the near zero strain sections. changes), and mechanical disturbances to insufficiently
Figure 4 shows the same data, In the form OSG versus protected parts of the interferometer (air drafts were
ESG data, along with the least-squares-fit line produced common In the aircraft cabin) could also cause the
by a liner regression anaiysli. The sensitMty of the
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70 -4 25 -

* I 20

~15-
z 10

1--10

0 -50-

-90

330 -280 -230 -180 -130 -80 0

ESG STRAIN / A 20 40 60 80 100
FR8QUENCY / Hz

Figure 6: OSG vs ESG for data shown in fig. 5. Solid line 24

shows leat-sluares fit. 20

manual readjustment of the interferometer polarization - 16

controllers is necessary before normal operation can
resume. Reduction of the length of the sensing region, or 12

careful isotropic bonding of the sensing fiber to the
sample would help greatly in reducing birefringence drift. 8

After recovery of tracking, the incremental strain 4

sensitivity is not changed, but an arbitrary offset is
introduced. Several short term lock-losses occurred 0-.

during the acquisition of the data shown in figures 5 and 0 20 40 60 80 IGO

6. This partly accounts for the scatter in the data about FREQUECY / Hz

the best-fit-line, and for the difference of this slope from
that produced in the ground test. Figure 7: FFTs of 5 sec 200 Hz acquisition during steady

normal flight (engine speed = 2500 rpm = 41.7 Hz).

Figure 7 shows the spectra produced by fast Fourier Lower spectrum: OSG output, upper spectrum: ESG

transforms of the data from a 5 second 200 Hz output.
acquisition during normal steady flight. FFTs of both
OSG and ESG data are shown. The peak-to-peak 5. CONCLUSION
amplitude of the vibrational noise on the time series plots
is approximately 10 pr. The majority of the prominent For the first time to our knowledge, in flight strain

spectral peaks corresponds to subharmonics and measurements on an aircraft wing structure using a fiber

harmonics of the engine rotation rate. The exception is optic interferometric strain gauge have been performed.

the peak at 75.2 Hz, which appears strongly in the A double-polarization Michelson interfarometer with
differential pressure sensor output, while the engine balanced interferometer arms, surface adhered to a thin

speed peaks do not. This implies some sort of CFRP plate was used as the sensing element. Passive

aerodynamic pressure variation producing a vibration quadrature demodulation of two phase shifted
experienced by the strain gauges. Regardless, the interference signals allow for unambiguous fringe
spectra agree very well, indicating that, at least for small counting. In contrast to electrical strain gauges the
amplitude vibrations, the dynamic response of the OSG optical one is partially self temperature compensated.
extends up to at least the upper frequency limit for this The reference arm is isolated from the sensing arm by

spectrum, which is 100 Hz. In fact, sampling rates up to fixing it In a bend at the two end points. The stability of

500 Hz were used for some tests, and also produced the present optical setup proves sufficient for continuous
matching OSG and ESG spectra, showing that the small- readout over time periods of the order of minutes under

straln-signal bandwidth of the OSG is at least 250 Hz. flight condition& As expected from previous laboratory
experiments, stress fields transverse to the fiber ase,
arising at the adhesive embedded sections of the surface
adhered fibers, limit the unambiguous readout due to
significant birefringence variations under external load.
Improved photoeaitic polarization adjusters are under
construction In order to improve the temperature stablilly
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of the polafization. The data taken during single runs of [9] C.D. Butter, G.B. Hocker, Fiber-optics strain gauge,
up to some minutes exhibit reasonable agreement Appi. Optics 17 (1978) pp 2867-2869
between theoretical and experimentally determined [10] A. Bertholds, R. Dindliker Detenmination of the
sensitivity. The latter is determined by taking an electrical Individual Strain-Optic Coefficients in Single-Mode
strain gauge as a reference. In the case of embedded optcal Fibers, IEEE J. Ughtwave Techn. 6 (88) 17-20
fibers with anisotropic transverse stress fields the critical [11] S.C. Rashleigh Odgins and Control of Polarization
sensing length for maintaining unambiguous readout is Effects in Single-Mode Fibers, J. Lightwave Technology
determined by the maximum transverse stress producing LT-1 (1983) 312
fiber birefringence. Special care should be taken in
maintaining isotropic transverse stress conditions with
surface adhered fibers.
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1 SUMMARY of recent and projected advances in active controls
"This paper summarizes the findings of an investigation technology (ACT) for producing significant adverse effects
conducted under the auspices of The Technical on the structural integrity of fixed-wing aeronautical
Cooperation Program (TTCP) to assess the impact of vehicles.
active controls technology on the structural integrity of
aeronautical vehicles and to evaluate the present state-of- To accomplish these objectives three courses of action
the-art for predicting loads caused by a flight-control were pursued by HAG-6: review related activities within
system modification and the resulting change in the the government and industrial laboratories of the
fatigue life of the flight vehicle. Important points participating countries; sponsor workshops to bring
concerning structural technology considerations implicit together scientists and engineers who are actively involved
in applying active controls technology in new aircraft are in the analysis, design, test, qualification, and operation of
summarized. These points are well founded and based aircraft; and perform an independent analysis to evaluate
upon information received from within the aerospace present state-of-the-art methodologies involved in the
industry and government laboratories, acquired by integration of the technical disciplines of structures,
sponsoring workshops which brought together experts structural dynamics, aerodynamics, and active controls.
from contributing and interacting technical disciplines, and For the analysis task, the F/A-18 aircraft served as the
obtained by conducting a case study to independently case study. HAG-6 completed the investigation and
assess the state of the technology. The paper concludes prepared a final reportl for Subgroup H in October 1989.
that communication between technical disciplines is An executive summary of the report2 was also prepared
absolutely essential in the design of future high and distributed to government laboratories and to the
performance aircraft, aerospace industry within the participating countries in

March 1990. The purpose of this paper is to provide an
assessment of the state-of-the-art analytical capabilities,

2. INTRODUCTION design methodologies, and qualification practices, and to
The Technical Cooperation Program (TTCP) was formed highlight other related interdisciplinary issues.
to provide a mechanism for government organizations
within Australia, Canada, New Zealand, the United
Kingdom, and the United States to conduct cooperative 3. STATEMENT OF PROBLEM
research projects. The goal of TTCP is to identify areas
of common interest and gaps in existing research and 3.1 Structural Integrity/Fatigue Tests
development (R&D) programs, provide recommendations Structural integrity is a prime concern during the
for initiating new R&D activities, and to perform development of flight vehicles. The structural design and
collaborative studies. TTCP is composed of Subgroups fatigue testing of the aircraft is predicated on an assumed
that are responsible for broad areas of research where there usage spectrum and on a related set of loads, based
is sufficient interest among the member countries for initially on analysis, and subsequently on wind-tunnel
initiating collaborative activities. Within the Subgroup data. During the D&V (Demonstration and Validation)
structure, Technical Panels are formed to review and phase of the aircraft development process, a prototype is
establish cooperative programs within the technical realm built and flown to obtain loads data for the flight
of dhe Subgroup and Action Groups are formed to conditions assumed to make up the fatigue load spectrum.
investigate specific issues. Subgroup H, which has the Since operational aircraft may very well differ from the
responsibility for aeronautics technology, established prototype, an EMD (Engineering and Manufacturing
Action Group HAG-6 to examine and assess the potential Development) phase is required to build a group of test
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aircraft intended to be representative of the vehicles to be structural integrity, particularly, negative impacts can be
obtained during the production phase of the acquisition assessed?"
cycle. Flight tests accomplished during EMD are required
to identify the critical points in the sky for structural
design so that 100% design limit load maneuvers can be 4. CASE STUDY INVESTIGATION
flown to measure loads and to verify structural design Answering this question requires a thorough understanding
adequacy. The measured flight data are used to obtain the of the structural integrity, structural dynamics,
true loads for the selected flight conditions based on the aerodynamic, and active controls technical disciplines, and
design usage spectrum, and later when sufficient fleet the methodologies for integrating these disciplines. An
hours have been acquired, to define a more representative analytical study was undertaken to independently evaluate
set of flight conditions and a more accurate lifetime load the capability of modem, linear analytical methods to
spectrum. The load spectrum can now be compared with predict the change in wing loads resulting from a change
the design analysis and fatigue test results to adjust the in a DFCS. For this study the ISAC (Interaction of
design lifetime of the operational fleet. Structures, Aerodynamics, and Controls) code3 and the

FLEX-SIM code4 were used. Since the F/A-18 (figure 1)
3.2 Digital Flight Controls Technology is a relatively new high performance aircraft with a
The introduction of digital fly-by-wire aircraft into the DFCS, it was selected as the case study.
inventory has required the designers and the users to better
understand the critical role played by digital controllers and 4.1 F/A-18 Background Information
ACT. One of the significant advantages of digital flight For backgrouhid information, the F/A-18 fatigue test was
control system (DFCS) technology is the ability of the initiated in 1979 using the approach described earlier in
manufacturer to improve aircraft performance after the this paper. After a few hundred hours of testing the F.S.
aerodynamic and structural designs are complete. This is 453 carry-through bulkhead failed and a new bulkhead had
accomplished through software changes, a task which can to be fitted onto the test article. Later, other problems
be very excruciating when the requirements for were encountered which lead to the conclusion that
reverification and re-evaluation of software under formal significant portions of the fuselage structure were not
configuration control must be included, adequately designed. As a result, a new center fuselage

section was fitted into this test article. By the time the
During the design of an aircraft with a DFCS, it is fatigue test was ready to resume, sufficient flight testing
reasonable to expect the DFCS to evolve, through of the aircraft with the DFCS modified to include a load
software modifications, as the aircraft progresses from the alleviation system had been completed and loads data
E&V phase to the EMD phase. This evolution may even measured. The fatigue test was resumed using a new loads
continue for years after an aircraft has gone into spectrum based on the lower wing loads caused by the load
production. It is also reasonable to anticipate that some alleviation system. The completed fatigue test ultimately
DFCS changes may have subtle, and sometimes severe, demonstrated four lifetimes on the forward fuselage and
adverse affects on the structural dynamics wings, nearly four lifetimes on the aft fuselage, and over
(aeroservoelasticity) and structural integrity (fatigue) two and one-half lifetimes on the replaced center fuselage.
characteristics of the aircraft. Therefore, it is expected that Military design specifications require that only two
ACT may bring both advantages and disadvantages; for lifetimes be demonstrated during the test.
example, while ACT may be used to reduce undesirably
large structural loads at one position on the wing, the In terms of the F/A-18 flight control system, the DFCS 5

improvement may be offset by increased loads at other has four redundant computers working in parallel.
locations. The original problem may not be solved, but Programmable read-only memory (PROM) holds the
merely shifted from one part of the structure to another or operational flight program which consists of the run-time
from one technical discipline to another, executive, control laws, redundancy management, and

built-in-test functions. Redundant electrohydraulic
DFCS can also be used to limit the flight envelope of the servoactuators and analog sensors provide two-fail-operate
aircraft. This is referred to as "carefree piloting". It is control capability. There are 10 independent primary
expected that "carefree piloting" will lead inevitably to an control surfaces consisting of (in pairs) stabilators,
increase of severity of the aircraft flight spectrum as pilots rudders, ailerons, leading-edge flaps (LEF), and trailing-
more aggressively complete maneuvers at the envelope edge flaps (TEF). The LEF and TEF deflection and
boundary relying on the g-limiter to keep the vehicle safe. command limits are scheduled as functions of angle-of-
It is expected that interpretation of the fatigue test in attack, dynamic pressure, and Mach number. These
terms of operational experience with a significantly more schedules are designed to minimize drag during cruise, to
severe load spectrum will be very difficult. improve high angle-of-attack characteristics, to improve

spin departure resistance, and to provide flap load
3.3 Problem Statement alleviation at elevated load factors.
The problem statement is then, "How can we assure that
the design and modification of an active control system As is typical for any modern DFCS software, the F/A-18
has been properly evaluated such that system impacts on operational flight software went through experimental
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evolutionary changes during the full-scale flight testing During the early stages of the flight test program,
phase. One of the objectives of the DFCS experiments comparisons of this type served as the impetus for
was to develop a production load alleviation system to continuing further studies to obtain a production load
reduce wing bending moments. Two successive PROMs alleviation system. The load alleviation development
involved in the load alleviation system development, process of adjusting the LEF and the TEF via the "Fixed
PROM V4.3.1.3 and PROM V4.3.2, are studied herein. Flap Mode", flying the maneuver, and measuring the wing
The basic LEF and TEF position schedules of the F/A-18 bending moments was repeated many times. A set of data
are a function of angle-of-attack, airspeed, and Mach that gave wing bending moment as a function of flap
number, and they are identical for both DFCS PROMs. position, Mach number, Nz, angle-of-attack, etc., was
However, the PROM V4.3.2 configuration included obtained. Based on this data a flap schedule that
additional LEF and TEF position increments which were a minimized wing bending moment was developed. This
function of Mach, altitude, and incremental load factor. flap schedule was implemented in a later 6.0 DFCS
These increments were an initial attempt to define a load configuration for flight test evaluation and ultimately in
alleviation system. PROMs V4.3.1.3 and V4.3.2 also the production 8.3 DFCS configuration.
incorporated a special development feature called the
"Fixed Flap Mode". In this mode the pilot could select a 4.3 ISAC Analyses
particular LEF and TEF position, overriding the scheduled Symmetric analyses were performed to obtain information
positions. Another difference between PROMs V4.3.1.3 to compare with the data measured during symmetric
and V4.3.2 is the way dynamic pressure and Mach limits flight test maneuvers. For this study, the plunge and
were imposed on the flap schedules. In the PROM pitch rigid-body modes and the first 10 symmetric flexible
V4.3.1.3 rystem, these limits stopped flap scheduling and aircraft modes were used to develop the half-aircraft
set the flap position to zero, and were placed after the equations of motion. Modal load coefficients were
command generated by the "Fixed Flap Mode". Thus, the determined by applying the mole shapes to the finite
effect of scheduled flap position on wing bending moment element structural beam model as unit dispLzement fields.
above these dynamic pressure and Mach limits could not The internal loads consisted of the six stress resultants:
be investigated. The PROM V4.3.2 configuration placed two bending moments; one torsion moment; two shears;
these limits before the command from the "Fixed Flap and one axial force. The coefficients were combined with
Mode". Thus, the "Fixed Flap Mode" command overrode time histories of the modal coordinates to produce time
the limit command. histories of the internal loads. The doublet lattice

method 6 was used to calculate the subsonic steady and
4.2 Flight Test Data unsteady aerodynamics. For the aerodynamic analysis the
The F/A-I8 flights involving the load alleviation system aircraft was represented as a series of flat plates (figure 5)
PROMs described above are identified as Flight 164 with the wing, stabilator, and fuselage being coplanar,
(PROM V4.3.1.3 implemented) and Flight 167 (PROM while the vertical tail was positioned at the correct
V4.3.2 implemented). Flight data, which included pitch dihedral. The DFCS was modeled using the appropriate
stick force, normal load factor at the aircraft center of sensors, actuators, and control laws.
gravity (Nz), average stabilator position, average LEF
position, average TEF position, and wing-root bending The ISAC predictions of aircraft response and load time
moment (WRBM), were obtained for identical maneuvers histories for the DFCS tested on Flight 164 (PROM
(7.5 g symmetric pull-up at Mach 0.85, 2000 feet V4.3.1.3) are presented as solid lines in figure 2, and for
altitude). Figures 2 and 3 show plots of these measured the DFCS tested on Flight 167 (PROM V4.3.2), as solid
parameters versus time for the two flights. Figure 4 lines in figure 3. The calculated and measured control
shows the variation of WRBM as a function of Nz. surface deflections show reasonable agreement; the

comparison of normal load factor shows similar trends,
Flight 164 incorporated the PROM V4.3.1.3 DFCS with but the magnitudes differ by as much as 36 percent for the
the "Fixed Flap Mode". The data in figure 2 shows the PROM V4.3.1.3 setting and 40 percent for the PROM
LEF at approximately 9 degrees down throughout the V4.3.2 setting. Figure 4 provides comparisons between
maneuver. If the DFCS were in its normal mode, the measured and calculated values of WRBM as a function of
LEF would have been at about I degree down or less normal load factor for both flights. The calculated curves
during I g flight and would have scheduled during the have lower slopes than do the corresponding measured
maneuver. In a similar manner, the TEF is at about 0.25 values and differences of about 30 percent for both DFCS
degrees and also does not schedule during the maneuver in PROM configurations. Both the calculated and measured
the data of figure 2. The data for Flight 167 (figure 3) results show an increase in the WRBM for a given normal
show the LEF and the TEF scheduling during the load factor following the modification to the DFCS.
maneuver. The data from figures 2 and 3 clearly show
that the WRBM is lower with the flap setting used during 4.4 FLEX-SIM Analyses
Flight 164 than that obtained with the baseline load An analysis of the F/A-1 aircraft was also conducted
alleviation system used during Flight 167. using a group of computer codes linked by a system

known as FLEX-SIM. Identical modal data were used in
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this analysis as were used by ISAC to develop the The application of structural optimization for the
equations of motion. A steady-state panel method was minimization of weight quite often results in lower elastic
employed to represent the full aircraft modeled as a flat mode frequencies. ACT is being utilized with an ever-
plate of equivalent planform. For the dynamic forces increasing bandwidth of operation. As a consequence,
associated with the elastic modes an unsteady there is a strong tendency for structural dynamics and the
aedynamics program by Davies7 was used independently active control systems to interact. The potentially
for the wing and tail. The steady and unsteady destabilizing effect of the sensors feeding back structural
aerodynamics were then combined and utilized to mode dynamics becomes more significant as the designers
formulate the equations of motion. The prediction of confidence grows, allowing even further increases in
loads on the lifting surfaces was accomplished using both control gains. ACT greatly extends the freedom to
the modal displacement method described earlier and the configure a vehicle. If full advantage is to be gained from
modal acceleration method described by Bisplinghoff and this flexibility, the aerodynamic, structures, and controls
Ashley8 . For the latter method the load is evaluated as disciplines must work together as an integrated team
the direct summation of externally applied forces plus the during conceptual and preliminary design phases.
aerodynamic forces resulting from the motion minus the
inertia loads due to motion in both the rigid aircraft and The segregation of technical disciplines as related to this
elastic mode freedoms. study, unfortunately, is continuing. This appears to be

due, at least in part, to the differences in the nature of the
The predicted responses and loads on the F/A-18 with the disciplines and the grouping of specialists into work units
PROM V4.3.1.3 DFCS (Flight 164) are compared in that combine aeroelasticity and controls but do not include
figure 6. It is seen that the predicted normal load factor structural integrity or fatigue. The deterministic nature of
closely follows the flight-test values except for a slight aeroservoelasticity makes it accessible and relevant during
reduction in the later stages of the maneuver, building up the design/testing phase of aircraft production. On the
to a 20 percent deficit. In addition, there is a 27 percent other hand, fatigue is probabilistic in nature and is
difference in the magnitude of the stabilator deflection. perceived as being more pertinent to the mature phase of
The two versions of bending moment show the modal aircraft operation. In order to be prepared for the future,
displacement prediction to be lower than the modal the integration of certain disciplines is a necessity for the
acceleration curve, which itself is about 30 percent too analysis and design of high performance vehicles. For
small as compared to flight data. The predicted responses this reason, the communication gaps between various
and loads on the F/A-18 with the PROM V4.3.2 DFCS technical disciplines need to be eliminated, particularly
(Flight 167) are compared in figure 7. For normal load between the areas of ACT and structural integrity
factor the simulation gives a peak which is 18 percent less (fatigue).
than the observed increment. The corresponding deficits
for the peak control surface deflection differences were 30 The integration of disciplines for effective ACT studies is
percent for the stabilator, 12 percent for the LEF, and 1 partly a matter of developing mathematical techniques and
percent for the TEF. The bending moments predicted by applying these procedures in a broader field. It also
both methods show a greater reduction from the measured involves a management problem. The traditional
data; the modal acceleration method again has a peak value compartmentalized approaches to design must be
30 percent less than the flight data. Normalizing the fundamentally changed to allow the relevant specialists to
bending moment by reference to the normal load factor work closely together without encountering the barriers
gives a traditional and useful parameter for wing root loads established between the offices of the separate disciplines.
in symmetric motion. Calculating the ratio of
incremental bending moment to incremental normal load There is, furthermore, a need to rapidly and completely
factor for the measured data on Flight 164 gives a mean monitor structural loads at all stages of the aircraft
value of 87.9x10 4 in-lb/g whereas the modal acceleration development process and to have these loads readily

method gives 80.6xl04 in-lb/g. The effect of the load assessed as the control systems are being designed or

alleviation control law changes on Flight 167 are to enhanced. As a result of ACT expanding the flight
modifyathese valuntro a95.lx heo in-lb/g measured and envelope, many more critical loading cases arise than evermodify these values to 9.10inbgmesrdad occurred for passively controlled aircraft.

83.8x10 4 in-lb/g predicted. The flight data show an 8.3

percent increase in loads due to the modification while the 5.2 Analytical Requirements
calculations gave a 3.9 percent increase. With respect wo the effects of control functions on

structural integrity and fatigue life, the critical technical
disciplines are currently segregated. Because dissimilar

S. ASSESSMENT OF NEEDS mathematical models are used, controls/dynamics analysts
Based on the results of the case study and other HAG-6 have no incentive or common basis to communicate with
investigations and workshops, an assessment of needs was fatigue and fracture experts. At the present time, one of
established; these needs are summarized below, the more significant payoffs associated with an aircraft

having a DFCS results from the ability to perform rapid
5. 1 Interaction of Disciplines and "relatively inexpensive" modifications to the system
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as an alternative solution to structural changes in the involved. Hinge moment is a notably difficult quantity to
aircraft. It is recognized that more substantial benefits predict and is critical for defining the required control
could be gained by the optimization of the DFCS during system capabilities.
the design phase of the aircraft rather than in response to
deficiencies demonstrated during flight or fatigue testing. 5.3 Design Requirements
Early consideration of ACT requires the integration of Aircraft performance is a major parameter considered
technologies, thus emphasizing the need for during selection of a new aircraft. The selection process is
multidisciplinary analysis and design codes. generally dominated by the views of the aircraft pilots. In

addition, it may be relevant that the time scale for any
Fatigue in aircraft structures most commonly results from deficiencies in the aircraft to appear be a consideration of
localized high stresses at joints as a result of the stress the selection team. Operational inadequacies are apparent
concentration of the rivets, bolts, or pins. Accurate soon after the aircraft becomes operational, but fatigue
calculation of the value of the localized stress in all problems may not be revealed until the aircraft has been in
fatigue critical areas is beyond the capability of present service for a number of years. In other words, the design
finite element methods. This is of particular concern process needs to be reassessed with an eye towards
since a 10 percent difference in stress may lead to a factor including more fatigue considerations in the early stages.
of about 2 in fatigue life. There is, therefore, much to be
gained by improving analytical techniques to provide more Since design requirements are largely founded on
accurate predictions of flight loads and resultant localized satisfactory experience with previous generations of
stresses. aircraft, the incorporation of ACT may represent such a

large deviation from the past that a number of underlying
At present the only practical method of determining the assumptions become questionable. Examples on transport
fatigue life of an aircraft is by means of a full-scale fatigue aircraft include the maneuver and gust load design
test with loading representative of operational conditions. requirements. The maneuver case demands the structure
The difficulty of ensuring that the loading is withstand a specific symmetric pull-up normal
representative, coupled with the ease with which the role acceleration, and the gust case specifies a certain gust
and loading of the modern aircraft can be changed by velocity. These values together are based oi, combined
reprogramming the DFCS, means that a realistic gust and maneuver data collected on aircraft very different
assessment of the fatigue life of the aircraft cannot be from current and future transports, and are a representation
completed until after the aircraft has spent some years of an idealized loading environment that would have been
undergoing test and evaluation. After the aircraft is equivalent to the observed real life data on early aircraft.
produced and changes to the DFCS occur for one reason or There is no guarantee that this equivalence holds after
another, the resulting loads should be lower, thus changes in such factors as size, speed, geometry, and the
guaranteeing an increase in the fatigue life. use of ACT. Moreover, modern structural design

capability and the application of ACT load alleviation
Design optimization including fatigue life for aircraft allows the strength of the structure to be tuned very
incorporating a DFCS will remain a difficult, if not closely to just meet the requirements, whereas earlier
impractical, proposition for some time. The statistical generations of transports carried a certain excess weight
nature of fatigue and the strong dependence upon detailed (and hence strength) because it was not possible at that
stress magnitudes ensure this assessment. At the present time to control the design process so closely.
time there appears to be no prospect of changing the
situation. Modern gust load alleviation (GLA) systems are designed

principally to moderate the effects of large gusts, thereby
The accuracy in the prediction of steady and unsteady eliminating the danger of stress overloads. These systems
aerodynamic loads at subsonic, transonic, and supersonic generally have a threshold beyond which the GLA
speeds is insufficient to define the loads for structural becomes activated. This threshold is necessary to prevent
integrity and fatigue life evaluations. In addition, present possible actuator and control-rod fatigue resulting from the
methods are unable to predict load changes with respect to small but frequent gust load occurrences. While the small
a change in an active control system to the degree of gusts are not important from the point of view of
accuracy necessary to quantify the effect on fatigue life. overload, they may make a significant contribution to
Thus, more precise tools are needed in the loads prediction wing-root fatigue. This contribution may be amplified by
area. Especially important for fighter aircraft is the need the removal of the high gust loads (by the GLA system)
for an improved method to determine the dynamic that may actually be beneficial to fatigue life through
msponse of stuctWues under the influence of separated flow crack growth retardation effects of occasional high loads.
and subjected to random aerodynamic loading. An
example is vertical fin buffeting due to a leading edge Another problem associated with the interpretation of load
extension vortex. Furthermore, unsteady aerodynamic alleviation is the relative safety implied by the excess
loads resulting from control surface deflections are not margin from design load to ultimate load. This margin
accurately predicted, especially for novel types of control covers many unknowns and variabilities in all parts of the
surfaces, for spoilers, or when large deflections are requirements and loading predictions. An apparent
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degradation of safety arises when a load alleviation system more expensive structural changes. The logical extension
is effective up to design limit load but saturates before back into the initial design phase of the aircraft suggests
reaching the ultimate load. With the system saturated, the the need for reassessment of some of the traditional views
loading gradient reverts to that of a passive aircraft, and regarding aircraft design. Some of the conservatism
the ultimate load is reached for a smaller increment of adopted in earlier military aircraft design philosophies may
input gust or maneuver and hence, a smaller proportion of be in danger of erosion due to competing economic
the design load than for an aircraft without ACT. More pressures.
consideration should be given to the philosophy behind
the application of these safety factors to aircraft with The recent advent of DFCS in aircraft has opened the way
ACT. for a major change in aircraft design philosophy

incorporating ACT. The DFCS offers versatility at
5.4 Data Requirements reasonable cost compared to the earlier analog systems.
Regarding wind-tunnel testing, model programs are Increased application of ACT as a result of the benefits
continually needed to calibrate analytical and design codes offered by the DFCS may be seen in each of the three
and to further investigate unusual flow phenomena and the main phases of the aircraft life. During the initial design
subsequent loads on flight vehicle structures. Pressure ACT confers an advantage by way of reduction in required
fluctuations from flow separations are especially difficult structural strength in such applications as gust and
to predict, but can be measured during wind-tunnel tests maneuver load alleviation. Following aircraft production
using rigid models. These measurements provide the DFCS/ACT offers new opportunities to overcome aircraft
driving force in aeroelastic response investigations. The performance deficiencies that appear during flight testing
motion-induced unsteady loads, which are important to or structural weaknesses that may become apparent during
dynamic response and flutter predictions, are strongly fatigue or other structural integrity testing. After the
coupled to the separated flow. Currently there is no aircraft enters service, the search for increased performance,
practical theoretical method to predict unsteady loads the desire for a change in role for the aircraft, or the need
associated with separated flow. to overcome fatigue problems may all be aided by the

application of ACT.
Another consideration is the lack of available gust data.
There have been a number fif turbulence measurement It is not unusual for the load spectra of military aircraft
investigations that involved fully-instrumented research fleets (and some civil fleets) to change significantly over
aircraft and poorly-instrumented commercial aircraft. the life of the aircraft. For a fighter aircraft this can be as
Collection of gust data on operational aircraft is the only a result of increased pilot familiarization with the aircraft
way to obtain realistic samples of rare severe events that capability, development of new flying techniques or
are comparable to the design gust severity. Advances in maneuvers, or a change in the role of the aircraft. The last
digital data collection and recording now permit the reason may result from the tendency, particularly in recent
possibility of measuring turbulence or maneuver response times, for an aircraft to be required to undertake dual roles
data on operational aircraft, thereby providing a valuable such as air combat and ground attack, or from
and much needed database. For combat aircraft current development of new stores/weapons/roles in addition to
turbulence models are sufficiently accurate for ride control those available when the aircraft entered service. The
studies. However, there are still some unanswered DFCS/ACT in modern aircraft will exacerbate this trend
questions concerning the amplitude of turbulence to be towards more severe flight spectra. In particular, the
encountered, especially as terrain following systems allow ability to provide carefree piloting by appropriate
the aircraft to fly lower than ever before. programming of the DFCS enables development of flying

techniques that may have a high potential for aircraft
5.$ Design Philosophy overstress. It is expected that removing the need for the
ACT has been used to improve aircraft performance in a pilot to maintain a safety margin will lead inevitably to
rigid-body sense for many years. In the last 20 years an increase of severity of the aircraft flight spectrum.
significant advancements and applications in ACT towards Squadron pilots will most likely complete maneuvers at
the control of elastic modes have become quite evident, the envelope boundary more aggressively relying on the g-
More recently the analog FCS has been replaced by digital limiter to keep the vehicle safe. Furthermore, the
systems. The DFCS offers many advantages over an inability to overstress the aircraft has emphasized the need
analog system. These advantages include the capability to to reassess the reasons behind the choice of aircraft limit
implement sophisticated control laws and redundancy- load. Traditionally, there has been a factor (usually 1.5)
management methodologies, and cheaper and repeatable relating service limit load and proof load. This factor has
performance. However, as a result of some of these been assumed to take account of the probability of
advantages, there has been a rapid growth in the accidental overstress, variability of the mechanical
application of DFCS/ACT highlighting the need for an properties of the aircraft materials and uncertainties in the
assessment of the impact on aircraft design philosophy, calculation of flight loads, and the structural strength of
Initially these benefits were largely seen in the ability to the aircraft. The relative magnitudes of the contributions
improve or rectify deficiencies in the aircraft structural or (to the factor of 1.5) are difficult to estimate. It would,
flight performance by changes in the DFCS rather than by therefore, be inadvisable to reduce the present safety factor
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because of the introduction of the g-limiter, even if the likely to require greater care and attention than on earlier
overstress prevention system could not be overridden, aircraft, and the control freeplay may become particularly

important. A large value of freeplay may degrade
5.6 Design Rectification performance of the active system, decrease flutter stability,
The DFCS/ACT can be modified more readily during the or introduce oscillatory loadings.
flight-test phase than the structure could be changed after
construction. This flexibility may be used to enhance
handling or performance, usually to overcome deficiencies 6. CONCLUSIONS
discovered during the tests, but carries structural The conclusions resulting from this investigation are
implications. If gross changes to control surface summarized as follows:
utilization are made after the fatigue test has been
completed, it becomes almost impossible to interpret the 1) The capability to improve aircraft performance
test results in terms of the new configuration. The static and/or to redistribute aerodynamic loads by
strength test could also be reduced in applicability, reprogramming a DFCS is expected to be
Another problem of ACT changes during the flight-test exploited when flight or fatigue testing reveals
program is that structural load clearance must be repeated deficiencies from design specifications. As a
for the modified system. Given the characteristics of ACT result, the interpretation of the full-scale
for expanding the range of conditions for which critical fatigue tests will become quite difficult.
loads may be encountered, this implies a considerable
validation exercise. 2) The opportunity to optimize aircraft control

systems for maximum performance throughout
Despite the recent advances in the capability to predict the flight envelope increases the number of
aeroservoelastic characteristics, there remains the flight conditions for which critical load cases
possibility of instabilities caused by structural feedback to may arise, thus increasing the task of structural
the control system. Checking for these requires lengthy clearance.
ground tests of the complete aircraft. If a problem is
encountered, then a costly rectification program may be 3) The potential for a DFCS to adversely affect
required. Changes to the filter configuration in the control aircraft fatigue is not being adequately
system or repositioning of ACT sensors will need to be considered or investigated by the aircraft
evaluated and retested before the program can continue, manufacturers and users. In addition, there is
Consequent changes to structural loads will also need to very little ongoing research in the combined
be checked, fields of structural dynamics, structural

integrity, active controls, and aerodynamics.
5.7 Operational Considerations This lack of activity has caused solved control
The presence of an active control system can have a or acroelastic problems to reappear in the form
substantial influence on how a pilot flies his aircraft, of fatigue problems.
which, in turn, can cause the true loading spectrum to
diverge from that originally estimated by the designers. 4) State-of-the-art analytical tools used in the
For example, after an automatic g-limiter was installed on case study were inadequate for predicting the
an aircraft the number of acceleration exceedances at any absolute levels of loads on aircraft with active
given g-level per flight hour increased dramatically. As controls. Therefore, it was not possible to
another example, an airline pilot who is' flying with a calculate stresses at critical locations with
nonfunctioning GLA system might be compelled to yield sufficient precision to make accurate
a wider berth to thunderstorms to avoid turbulence. For predictions of aircraft fatigue life. The
any given active control function the designer needs to possibility of incorporating fatigue life as a
assess not only how its addition will enhance performance parameter in any approach to aircraft design
but also how this addition will change the pilot's optimization is, therefore, precluded unless
operational behavior. This involves a need for additional significant advancements in load prediction
communication between the designers and operational capability are first obtained.
personnel.

5) The computer codes used in the case study were
Another area of concern is that the performance of an ACT capable of calculating the change in load
system must be maintained throughout the life of the resulting from the change in the DFCS.
aircraft. If the required performance and reliability that Predictions corroborated the increase in the
were predicted at the design stage are to be achieved, then WRBM as experienced in flight. Therefore, it
the system must remain fully serviceable. Minimum is possible to predict increments in loads thus
dispatch conditions must be observed on every flight to permitting a quantitative assessment of the
ensure that the full probabilistic performance is followed impact of DFCS changes on fatigue life.
and failure modes are analyzed for any undesirable
departure from predictions. The actuators and controls are
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6) The knowledge and understanding of the loads gust and maneuver data and detailed analysis of operational
on transport aircraft, especially aircraft with usage data for improving structural integrity design
GLA systems, is not well established. The methodologies.
same concern exists for military aircraft with
other active control concepts. In particular, the
lack of modern data on gusts is of concern. 8. REFERENCES
This is true for both the smaller magnitude 1. "Structural Integrity of Aeronautical Vehicles -
gusts responsible for most fatigue damage and Impact of Active Control Technology," TTCP
for severe gusts. Subgroup H HAG-6 Final Report, October 1989.

2. "Structural Integrity of Aeronautical Vehicles -

7. RECOMMENDATIONS Impact of Active Control Technology," TTCP
This paper highlighted the integration issues related to Subgroup H HAG-6 Executive Summary, March
structural dynamics, aerodynamics, active controls, and 1990.
structural integrity and provided evidence that suggests
very little interaction between researchers in these fields. 3. Peele, E. L. and Adams, W. M., "A Digital Program
Since multidisciplinary cooperation will be a necessary for Calculating the Interaction Between Flexible
step towards improving the designs and reducing the life- Structures, Unsteady Aerodynamics and Active
cycle costs of new aircraft, research activities dealing with Controls," NASA TM-80040, January 1979.
multidisciplinary integration should be more aggressively
pursued. Since increased interaction is needed between 4. Winter, J. S., Corbin, M. J., and Murphy, L. M.,
experts in these disciplines to narrow the gaps in "Description of TSIM2: A Software Package for
knowledge and communication throughout the aerospace Computer Aided Design of Flight-Control Systems,"
industry, continued workshops which stress the interaction RAE Technical Report 83007, 1983.
and integration of key technical disciplines are
recommended. Studies to develop and apply 5. McDonnell Douglas Engineering Memorandum 338-
multidisciplinary technology and the exchange of key 5141, Revision A, 24 November 1980.
technical experts from different disciplines are also

recommended to develop a common basis of terminology, 6. Giesing, JL, Kalman, T., and Rodden, W., "Subsonic
equations, and tools. Unsteady Aerodynamics for General Configurations,

Part I, Direct Application of the Nonplanar Doublet-
The following are examples of specific technical Lattice Method," AFFDL-TR-71-5 Volume I,
disciplines requiring serious consideration for integration: November 1971.
1) linear and nonlinear, steady and unsteady aerodynamic
codes; 2) aerodynamic correction factor methodologies; 3) 7. Davies, D. E., "Theoretical Determination of
structural finite element modeling; 4) fatigue life Subsonic Oscillatory Airforce Coefficients," RAE
prediction; 5) structural optimization; and 6) active control Technical Report 76059, 1976.
system modeling. As always, further activity is required
in the areas of wind-tunnel testing for code validation, 8. Bisplinghoff, R. L.; and Ashley, H.: "Principles of
ground and flight testing for verification of Aeroelasticity," John Wiley, 1962.
multidisciplinary concepts, and flight measurement of

Fig. I.- Schematic of F/A-18 aircraft.
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Abstract

The general equations for a multi-body space system with internal control forces are
written. Single body,or 'local' ,equations of motion are written and then they are trans-

formed into global equations, associated with a sufficient number of 'internal' equations
describing the relative motions of the various parts of the system. In such a transformation,
quantities of twc orders of magnitude arise: the first group is associated with the Earth's

equatorial radius, and the second group is associated with a characteristic length of the
spacecraft. The two groups are separated in order to avoid round-off errors. Furthermore,
a law of control associated with deformations of the connections between the elements of

the system is introduced, in such a way that efficient control of instability phenomena may
be possible. Numerical examples complete the work.

1 Introduction

Dynamic behaviour of a multi-body space system has received much attention in recent
years. The great interest associated with the relevant analysis arises from the large
number of possible applications to systems such as space stations, satellites with several
flexible appendages, scientific instrumentation in orbit,etc.

From a merely dynamic point of view, the problem can be solved by considering
the motion of each of the bodies as subjected to the Earth's gravitational field and
to the forces exerted by the members connecting the bodies. A sufficient number of

equations is thus obtained; it is however very difficult to treat them numerically since
the internal forces are associated with the relative displacements between the bodies:

the latter are in general small fractions of the length of the connections which, in
turn, are small fractions of the Earth's equatorial radius (EER). Now, since the inertial

coordinates of the bodies are of the order of EER, the task of obtaining internal forces
from inertial coordinates is almost an impossible one, and the problem must be re-
formulated in such a way that the lengths of (or, better, the relative displacements in)
the connections appear directly in the system.

Furthermore, it is known that bodies in orbit may suffer from problems of dynamic
instability especially associated with rotational motions. Therefore several methods for

'Dipartimento Aerospaziale Universitk di Roma "La Sapienzae Via Eudosiana 18 - 00184 Rome,
Italy

2Dipartimento delle Costruzioni Meccaniche Nucleari ed Aeronautiche Universiti di Bologna, Italy
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stabilization were deviced in the past, since the beginning of spa•i era, and they need
not to be recalled here. In a multi-body system, the single bodies which, on account of
their geometry, position and attitude, might be unstable if isolated, can be stabilized
through the stiffness of the connecting members, or vice-versa.

A step ahead is made if the connections are 'intelligent', so as to provide forces (but
especially moments) depending on the relative rotations and displacements, capable of
counteracting destabilizing effects.

The aim of this paper is to present some possibilities that can be helpful in solving
the problem. Control moments and forces are obtained through piezo-electric devices
which give actions proportional to the relative rotations and displacements and to
their time-derivatives. This can be considered only as a possibility, since a deeper
investigation should be conducted in order to ascertain whether such a possibility is
viable or not from a technological point of view. The main aim, however, is not so much
vibrations suppression, but essentially rigid motion instability suppression, as one can
see from the numerical results contained in the paper.

2 General Equations for a Multi-body System

(a) The general layout of multi-body space system is described in Fig.1. Here we
have a three-dimensional array of bodies, (i) each of them associated with a
mass matrix and with a stiffness matrix, (ii) in general constituting a three-
dimensional system, (iii) each of them connected to all the others by means of
elastic or inelastic connections. In this paper, however, we will confine ourselves
to a dynamic analysis for a simplified system, since the aim of the paper itself is
to show possible applications of intelligent structures to control of such a system.
We will describe our system as follows (see Fig.2):

(i) The N bodies Bj (j = 1,...,N) are rigid;

(ii) Each of them is connected with one central body B0 only, Fig.2;

(iii) the system is disposed on a two dimensional array;

(iv) the connections Ti between each of the N-bodies and B0 consist of elements
wich provide structural and control forces, depending upon the relative dis-
placements, according to a prescribed rule.

(b) Let us write the translational equations of the system. For the j.th body we have:

d2 P = M + R,; (j=1,...N)

dt2 PD

_2P =_--MP° E Rj

where: 0 j=

"* Pj (j = 0,...N) is the vector in the inertial space describing the position of
the c.g. of Bj;

"* L, = Earth's gravitational constant - gR2;
"• Dj =Olji,(= 0,....,N);

"* Re = equatorial radius; g, = gravity acceleration at R,;

"* = reaction exerted by T7 on Bj, (j = 1,...N);

"* t = time;

" Mj = mass of the j.th body, (j = 0,... ,N).
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Theoretically, once the law of dependency of the Rj's from the relative displace-
ments of the system is known, Eqs.(l), associated with the proper initial condi-
tions, constitute a complete set which can be integrated numerically. The situation
is not sc clear, however, since, in Eqs.(l), the Rj's, as said, must be computed
from the relative displacements, which, in turn, depend on the Pj's which are of
the order of magnitude of Earth equatorial radius (Fig.3).

In this paper Rj is the sum of structural reactions and of control forces. The former
are expressed through the well known relationships connecting end-forces and end-
moments with end-displacements and end-rotations in a beam-rod, f.i. The latter
are associated with the control law as imposed to the system, see Art.4. This
operation is practically very difficult to perform, on account of the high round-off
errors associated with it, so big that they would destroy any possible result. So
we must transform Eqs.(l).

(c) First of all, let us make Eqs.(1) nondimensional. For this purpose, we set:

Pj = pjRe; t = 7T; T2 = R3/v = Re/ge

Ej = M 3 /M; (j = 0,..., N); M = total mass

By summing up all Eqs.(l) we obtain the equation describing the motion of the
instantaneous c.g. (which moves with respect to the system during the motion):

d 2 p NPC - j (2)d2-j=oI

where:
N

Pc ,jp, (3)
j=O

and:
R--;(j=0.. N (4)
Re

It should be noted that the terms appearing in (2) are of the order of R".

Now we set:
Aq, = (p, - P0); (j = .. ,N) (,5)

with A = l/R,, where I is a typical dimension of the system (e.g., the mean length
of the connections).

Thus, from Eqs. (1) we have:

dr 2 =-d! [ + •-o Mge (6)•J k=1 o g

Very simple algebra provides (App.A):

AxI- PT=[I-3• d + -- + NRk 1 (7)

(I = unit matrix)

The reaction Ri appearing in (7) can be written in the form

ft3 = (EA)Iri (8)
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The expressions for the nondimensional vectors ri are found in App.B.

Let now:
(EA)j = wM 3 L (9)

so the quantity wj has the dimension and the meaning of a frequency (exactly,
it is the axial frequency of the system consisting of a mass Mj and of stiffness
(EA)3 /Lj). So Eq.(7) reads now:

d 2q - [- d0 PT] [a + rj + I !. (j=1,...N) (10)d72 (,dodýk=1 Co 1\•

where ar = w2Lk/ge

The purpose of eliminating A from the equation of motion has now been reached.
As a matter of fact, A is still appearing in the last term of Eq.(10): this is associated
with the ratio of two different time scales (orbital and st-ructural frequencies).
Another version of Eq.(10) can be obtained by introducing a new nondimensional
time 0 = r/lVr: in this case, as it is easy to see, the gravitational term (the first
in r.h.s) becomes small as A is decreasing, and the remaining two are of the same
order of magnitude.

In other words,Eq.(10) is that of a space system, to which some elasticity is added:
the other version would be an elastic system to which some 'space' is added.

(d) At this point it is also convenient to re-write Eq.(2) in a slightly different form.
From Eqs.(5) and (3), we obtain:

Pj = Pý + \q*; (j = 0,..., N) (11)

where:
N

q; = qj - L qkfk; (j = O,...,N) (12)
k=1

We write furthermore: 1i 1 A(1  13

- (13)
3 C C

where, from simple algebra, (App. A), we obtain:

= 2 ycTq; + Aq!Tq! dý + djdc + d (14)

2 dj(dj + dc)

So Eq.(2) can be written in the quasi-keplerian form:

' =C - Pc + AH (15)

where the vector H is written:

N

H -- Z P (16)
i=03

(e) The general equations of the problem are Eqs.(10)(15), containing the N + 1
unknown vectors p.,yj; (j = 1,... , N), with the relevant initial conditions.

iI
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3 Transformed Equations

(a) Eqs.(10) and the degrees of fredom (dof) associated with them are not adequate
for the purpose of our analysis: therefore we shall now reformulate the problem
in terms of new variables and new dof, and, consequently, of new equations of
equilibrium.

Fig.4 represents the pair BoB1 in the undeformed position, in an arbitrarily ori-
ented reference system. Here Lj. denotes the length of the connection 7T, and
L j .ýj0, Lj.3 jj the lengths clearly defined in Fig.4; furthermore ilj is the angle
between the principal axes of B0 , say PO, and the principal axes of Bj, say Pi.

Fig.5 represents the pair (BO, Bj) in the inertial space, and in the deformed posi-
tion. Here we define PR, the intrinsic system at Q0, the center of mass of Bo, and
the angle 3 = (PR,Po): so the angle (PO,Pi,) (where Pi,, is the inertial reference
system) is (/3 + wo), with w0 - true anomaly at Qo.

Consider now Bj; if the connection were rigid, the angular position of Pj would
be 0 + wo + qj; on aocount of the flexibility of the system, there is an additional
displacement 6j of the attachment. Finally, there is a rotation Oj of Pj around
Qj, the center of mass of Bj.

So the angle of 7 (the connection), with the horizontal inertial axis will be:

L'j = '3 + WO + ? + 0i

where Oj = 6j/Lj, if Lj is the distance QoQj.

Now we can represent the vector qj, previously introduced, as:

[Lj cos vj; Lj sin vj] (17)

with:

Lj = Lj.(1 + ýjo + C1 + aj)

where a3 is the unit elongation in Tj.

Substitution into Eqs.(10) and algebraic manipulations lead finally to the equa-
tions:

j +,0 sin(v, - ai)cos(vi - aj) + - (18)

The expressions for the nondimensional forces r.• and rjt are given in Appendix
B.

(b) If the bodies have finite dimensions, as it is always the case, we must also write
the rotational equations for each of them. For the k.th body we have:

dt2u = •-Gk +C,,k- (EA),,r,,tL.4kil; ; (k = 1,... ,N) (19)

Here Gk is the gravitational torque expressed by:

AJ., - JA.
Gk = -3v D- sisinChcoS4k; (k = 1,...,N) (20)
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where (i) Ck is the angle formed by the principal x-axis of Bk with the local vertical

E Vk - Wk; (ii) Jxk, Jzk are the principal inertial axes of Bk, expressed through
nondimensional quantities as:{Jk. = 'EkML..P

2 (212
k k..221 (21)

Jkz = EkMLk k.Pk

Furthermore we can express the torque Ck exerted on Bk by Tk as:

Ck = (EA)kLk-mkl (22)

So the final formulation for Eqs.19 is:

d2 'Vk 3sin (kcCOS(kPk - P Aa 2 (/Lk* )- = -zk - kX +(Mk -- G1rkt); k = 1,...N (23)
dr2

--Td Pxk + Pkz Pk +Pkz

As said before, it is understood that mk and rkt will also include controls.

(c) Instead of writing a specific rotational equation for the body B0 , it is convenient
to stipulate conservation of the sum of total angular momentum and of the grav-
itational torques acting on the center of mass of the complete system because in
this way internal reactions do not appear. We obtain the following rather lengthy
expression

N N

, _ EE3 L3 [(L' - Lv 2 ) cos(v, - vj) + (Liv + 2','L') cos(vi - vj)] +
j=1 3=1

N N ~2 ,sin•k cos •k
N N+ E ,k [(pk2. + ,2oL)+ 2• 2; 2 si (,(o -S p(k)

k=0 k=0 k
N

+= 2,--zcfk3 -dxZfk) = 0 (24)
k=O -

(d) To summarize, the system is ruled by Eqs.(15),(18),(23),(24); there is no difficulty
in writing it in the normal form:

V' = F(V; r) (25)

(where V is full state vector of the dof and their first derivaties) with the relevant
initial conditions, prescribing the value of V for T = 0.

4 Preliminary Investigation on Control

For systems such as the one described in the previous sections of this paper, the problem
of the control of the dynamic response is a formidable task to be performed. In fact,
the governing equations for the multibody system are coupled and fully non linear.
Instabilities may occur due to interactions between the elastic and rigid body motion
also for motions that are stable in the rigid body configuration, or vice-versa.

In order to design an appropriate control, accurate performance specifications should
be given. Here we merely confine our study to a very simple preliminary approach, as-
suming that our performance specifications is just to drive the system to a reference
configurations or to perform a limited amplitude motion. Recent advances in intelli-
gent materials and structures can be exploited in order to actually exert control ac-
tions. From this viewpoint, flexible links between the ancillary budies and the central
one might consist, f.i., of an intelligent 3tructure such as an adaptive truss. In such a
structure, an active module capable of producing a bending moment or an axial force
to the bodies to which it is connected can be designed by means of active members
such as shown in Fig.6. In order to design a control system able to take advantage j
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of this technology the control must be designed by using only moments and/or forces
applicated to each body. A system of sensors which is capable to detect the rotations
and the rate of rotations of each body is also assumed to be available. Thus, we will
assume, in the following, to have control laws of the type:

rj = ajoQj +jiQ (26)

Mj = 3oQj + 0ji (27)

where the constants (or matrices) aj,,Ij must be determinated throughout the use of a
system like the one described in Fig.6, and Qj is the quantity (or the quantities) to be
controlled.

5 Numerical Examples
(A) In the first group of examples we consider two mass pionts connected in one of the

following four modes:

(i) no connection at all

(ii) connection by means of a cable

(iii) connection by means of rod

(iv) connection by means of a smart cable.

For all cases we have the following initial conditions:

(a) for the body Bo we have initial conditions corresponding to a circular orbit of
radius r0 = 1.1Re, at true anomaly wio;

(b) for the body Bj we have initial conditions corresponding to perigee= 1.079Re, and
eccentricity 0.04. The value of wio is chosen in such a way that, when the bodies
are free, they collide at the intersection (corresponding to true anomaly= 7r/3).
Here we have co = c, = 0.5.

Fig.8 provides the orbits of the two masses for the case (i) (note that, for reasons
associated with graphics difficulties, the scales on the two axes are not the same).
Fig.9 represents the ratio L/Lo (L = actual distance between the two bodies; L0 =
initial distance) vs. nondimensional time r. The same results are shown in Fig.10 for
several orbits after collision. It is clear that we assume that the collision has no effect
on the subsequent motion. For the case under (ii) we have similar results plotted in
Figs.11 and 12. As far as Fig.12 is concerned we must note that, on account of the
reduced sampling, the distance seems not to be able to reach the zero-values, as it
actually does. Then, we had to adjust curve in the vicinity of the first zero-value.

For the case (iii) we first consider a rod having an axial frequency of 1Hz. The
trajectories are shown in Fig.13, and the relative unit displacement in Fig. 14. We
note that the nondimensional time plotted here is r' = Tr¶/A7(27rf) 1•c/'oj, and the
time interval represented is just a small fraction of the orbital period. This case cor-
responds to a very large ratio structuralf requency/orbital frequency, and for this
reason, gravity terms are comparably very small, so the quantity represented in Fig.14
is practically the same as in the free vibration of the rod. The situation is different
if we consider much weaker structures, as in the case of Fig.15, corresponding to a
frequency of 1/1000 Hz, close to the orbital frequency. Obviously such low values of
the structural frequencies are unrealistic.

Finally Fig.16 and Fig.17, describe the case (iv), in which the masses are connected
by the means of a smart table; here we assume ajo = kwj, ,jo = P = a, = 0, where
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and k is a factor so that the stiffness is k2 smaller when we pass from the active cable
phases (L/Lo > 1) to the unactive phases.

The reaction is provided here through smart materials (piezoelectric, shape memory
alloys) which are capable of exciting axial forces. Obviously, the ratio of the amplitudes
in the two phases is a function of k. It should be noted that in the above described
motion, attitude is uncontrolled.

(B) In the second group of examples, we have, see Fig.18, a central body B0 consist-
ing of two equal masses connected by a rigid bar, the other body, B 1, is constituited by
a mass attached to a rigid bar, hinged at the point Co to the central body. This config-
uration can be seen as a first draft of a space station (BO), with a targeting appendage
(Bi).

We may use the general equations of the text setting the slenderness of the bar
Si = 0. The inertial radius of the central body is assumed to be ten times larger then
the one of the appendage: P.0 = 5, p. = 0.5 and Pzo = Pzl = 0 while the dimensionless
masses are co = (I = 0.5.

The initial conditions for Co are: ri - 1.1 Re, w• 0, vi0 = 0.1rad, vil = vi0 + 7r/2.
The initial velocity is choosen in such a way that the point Co would describe an elliptic

orbit of perigee- ri and eccentricity=- 0.02 if it were a point-mass.
The initial configuration of the system is choosen in such a way that while the

central body is in a stable position, the appendage is in an unstable one, so that in the

absence of any control action it experiences large rotation with respect to the central
body. This situation is shown in Fig.19, where the time history of the attitude of the

two bodies with respect to the vertical in Co (vo - wo0 and v1 - wo) is plotted. Note
that while B 0 undergoes small rotations in the neighbourhood of the stable position

(voi > (vo - wo) > -voi); B1 rotates in the range 37r/2 > (vi1 - wo) > 7r/2. Fig.20

represents the time history of the relative angle between the two bodies referred to

the initial one: (vl - vo) - (v'i - v'o)i. Fig.21 shows the trajectory that the point Co
describe in an inertial frame of reference, whose origin coincide with the position Co
on the keplerian orbit that the hinge would describe, based on the initial conditions, if
it were a point-mass.

To stabilize the body B, an internal control moment is exerhted at the hinge. We
assume for the control moment the law of Eq.(27) with Q1 = (vi - vo) - (vl - vo)i, and
)1o = 100, 0h1 = 1. Fig.22 shows the time history of the angles (vj - Wo) for the two
bodies when the aforementioned control law is applied. Comparison with Fig.19 shows
the ability of the proposed control law in stabilizing the motion of the appendage. The

relative rotation of the two bodies referred to their initial angle (vi - v0) - (vl - v0)i,
is plotted in Fig.23.

In both Figs.22 and 23 the periodic variation of the amplitudes is associated with
the orbital period; in fact the gravitational torque act on the system as a periodic
forcing action whose period is equal to the orbital period. Fig.24 shows the trajectory
of the point Co in the inertial reference frame with the origin in 00.

A Appendix A

In Eq.(6), let

-i Po = po +Aqj _pFi _ i
P, Po P _ P = A& + Po [- (28)

But: d, - PhTPj = POTPO + 2 APoTqj if quantities of the order of A2 are neglected. So

TJ = po -2Apoqoj 1 + (d,/do) + (dj/do) 2 1 (9
Sdo do 1- +do/di if' (29)
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The last factor of Eq.(29) is equal to 3/2, apart from small quantities of the order of

"A. So we have:

T =A[I - 3 PRo R-1-q (30)
do dod . dý

where I = unit matrix.

B Appendix B

For a beam, with the positive signes as indicated in Fig.7, we have the following rele-
tionships between end-quantities:

EI[ -Mo = L 6 -40o-201]
E I [ f l - w

M = L 6U[ L +20o+401]

Vo = EI[ 1 2 !wW +60o+601]

LI vv1 = V0

No - E (u, - uo)
L

N, = No

for the j.th we have:

Mo) = - S2 [6(45 - Oj•5j - 2¢0]to5-(EA)jLj.

3  = (E A), L3M - S2 [-6(O5 - -Oi,1 + 40j]

Vol = Vo S 2 [-12(4,P - -O•5• + 60j]o -(EA)j

V13  = Vo
No

noj = (EA), - aj
nl5 = no

where S = slenderness ratio for T7.
By considering the orientations taken as positive, we will have:

rm, = -6(Oj - Oji31 + 40j)
r13  =

raj = --a3

From rnj,,rtj,raj, the forces rj in the inertial system can be easily computed.
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Figure 5: Definition of angles of rotation Figure 8: Trajectories of the unconnected

for the pair Bo and Bj in the deformed masses: mro = rl, = 2/100, intial dis-

position tance = 1.2 105m, (a) circular orbit: ro =
1.lRe, wo = 0.036rad, (b) elliptic orbit:
perigee = 1.079Re, w, = O.rad
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Figure 9: Same initial conditions as Fig.8,

Figure 6: Example of an active module unconnected masses. Time history of
the dimensionless distance between the
masses.
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Figure 7: Conventions on the positive Figure 10: Same as Fig.9 for several orbits.

signes for the end-quantities in the connec-
tions.
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Figure 11: Same initial conditions as Fig.8, Figure 14: Same initial conditions as Fig.8,
masses connected by a cable. Trajectories masses connected by a rod. Time history
of the two masses. of the unit displacements AL/Lo. Natural

frequency= 1Hz
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Figure 12: Same initial conditions as Fig.8, Figure 15: Same initi,-l conditions as Fig.8,
masses connected by a cable. Time history masses connected by a rod. Time history
of the dimensionless distance between the of the unit displacements AL/Lo. Natural
masses. frequency= 1/ 000H0z

Figure 132 Same initial conditions as Fig.8, Figure 16: Same initial conditions as Fig.8,
masses connected by a rod. Trajectories of masses connected by the smart cable (k
the two masses. =1/10). Trajectories of the two masses.
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Figure 17: Same initial conditions as Figure 20: Relative rotation of the two
Fig.8, masses connected by the smart ca- bodies referred to their initial angle (no
ble. Time history of the relative displace- control)
ment AL/Lo
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Figure 18: Initial configuration and veloc- 0..00.0-0 00-0- a

ity of the two bodies system

Figure 21: Trajectory of the hinge as seen
from the keplerian orbit (no control)
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Figure 19: Attidude of the two bodies with Figure 22: Attidude of the two bodies with
respect to the hinge local vertical (no con- respect to the hinge local vertical (with
trol) control)
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Figure 23: Relative rotation of the two
bodies referred to their initial angle (with
control)
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Figure 24: Trajectory of the hinge as seen
from the keplerian orbit (with control)
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AIRCRAFT SMART STRUCTURES RESEARCH
IN THE USAF WRIGHT LABORATORY

Lt. Gregory S. Agnes* and Capt. Kevin Silva**
Structures Division, Wright Laboratory

improve airframe capabilities. Potential applications
1. SUMMARY and current research efforts are also presented.
For several years, the Air Force Wright Laboratory has
been investigating smart structures technologies. Smart 3. SENSORY STRUCTURES
structures incorporate active materials into structural Weight is a key factor in the design of high performance
components. Active materials either sense their aircraft, whether the measure of performance is payload,
environment or change in response to an external range, or sustained maneuver load level. Weight
stimulus or both, and also should be able to carry loads, reduction and safety assurance usually drive
A smart structure is thus capable of sensing and/or contradictory design goals: a margin of structural safety
reacting to its environment. Smart structures research adds unusable strength and weight. To obtain a
at Wright Laboratory has mainly concentrated on aircraft reasonable level of performance while ensuring flight
sensory structures and multi-functional structures, such safety, the US Air Force conducts an Aircraft Structural
as integrated antennae (i.e., smart skins). Several major Integrity Program that provides design and operational
programs have been initiated to apply and demonstrate inspection guidelines. These guidelines rely on the
these technologies. Recently, the ability of active predictable accumulation of structural damage in
materials (piezoceramics, for example) to control aircraft response to measurable flight environments, to detect
structures for improved performance and longevity, has and repair flaws before they become catastrophic. The
received attention as well. In this paper, the smart margin of safety ensures that the damage accumulates at
structures technologies are categorized as sensory, a slow enough rate to not become catastrophic between
active, or multi-functional. The current state of the art inspections, and allows for inaccuracies in load and
for each area, and programs aimed at exploiting smart environment predictions. The weight penalty paid for
technologies for aircraft applications, are described, flight safety represents untapped performance potential.
Gaps in the current technology are identified. Real-time structural integrity monitoring capability
- would allow the pilot full use of the airframe, with any
2. INTRODUCTION dangerous level of damage accumulation immediately
The incorporation of active materials into airframe known, and without performance degradation from
structure will improve performance and reduce life cycle excess weight. Thus the incorporation of sensors for
cost. The active materials can serve as sensors, real-time health monitoring will allow higher
structural actuators, or elements that both sense and performance for a given airframe weight, or lower
react. Smart systems are being developed that weight for a given level of performance.
incorporate these elements into the airframe, and
integrate them into advanced neural networks and expert While development costs of a sensory structure will be
systems. The following discussion of anticipated more than for conventional structure, life cycle costs
payoffs should explain the reasons for the interest in will be reduced. Real-time health monitoring will
this technology, prevent loss of aircraft due to unanticipated rates of

damage accumulation between inspection and
Smart structures technologies blur the lines between the maintenance cycles. Maintenance actions will be more
currently very distinct functional disciplines in aircraft efficient when a smart system alerts technicians to
design and manufacture of structure, actuators, control potential damage areas and conditions. Parts which are
systems, and sensors. The integration of active sensing currently retired based on having been exposed to an
and actuating elements into load bearing structure is the analytical lifetime of structural loading will not have to
focus of this paper. The specific categories of smart be discarded until they exhibit threshold levels of
structures that are addressed are sensory structures; damage accumulation, if integrated into a structural
multi-functional structures, or structures that integrate integrity health monitoring system. These sources of
historically non-structures-related functions (load- savings must offset the expense of the added complexity
bearing antennae functioning as stressed skin, for of building and maintaining a smart structure, to ensure
example); and active structures. For each category, the a net benefit.
current state of the art is discussed, followed by the
potential areas where smart structures technologies can

* Structural Dynamics Branch, WLRFLBGC, WPAFB OH 45433, USA, TEL:(513)255.5236x408, FAX: (513)
255-6684
** Advanced Composites ADPO, WLJFIBAC, WPAFB OH 45433, USA, TEL:(513)255-6639, FAX: (513)255-
3740
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The integration of sensors and associated signal and data structural embedment applications designed for strain
processing electronics into structural elements produces levels of 4000 - 6000 microstrain, where other sensor
sensory structures. Typically, such structures are types would be used. The built-up nature of composite
investigated for their ability to monitor their own structures, and the dimensions of some sensors (optical
structural integrity. Additional system engineering fiber diameter is on the order of the thickness of one ply
would also permit incorporation of sensory structures of reinforced resin) makes sensor embedment an option.
into guidance and control systems, as a farther term This offers protection to the sensor, but creates signal
goal. ingress/egress challenges.

3.1 Current State of the Art The Wright Laboratory demonstrated the ability of an
To allow improved structural efficiency without optical fiber strain sensor employing time domain
compromising flight safety, military aircraft incorporate reflectometry to track strain on a F-15 fighter wing
fatigue life tracking systems. Initially, these systems undergoing fatigue test. A resolution of +-4 0
used counting accelerometers, to track load exceedences microstrain was measured, but this system required up
for later structural fatigue analysis. The data gathered is to two seconds to acquire a data point. The acquisition
appropriate for metal structures that suffer fatigue time depended on system signal-to-noise ratio and pulse
damage from the numerous low stress cycles. This repetition rate. This would be accurate enough for
method requires accurate structural analysis to correctly monitoring the health of a structure designed to 4000
predict remaining life, leading to constant checking and microstrain, but speed probably would have to be
updating the structural model to increase fidelity and increased to support real-time monitoring in flight, or
correlation with actual responses and damage. The short duration high strain cycles might be missed.
application of strain gages to collect in-flight data
solved problems in translating load levels to material Current logical technology developments offers
stresses and strains, by allowing direct measurement of alternatives to the technique of storing flight data for
structural response to the flight environment. Such data later ground analysis. Automating the structural health
is also more appropriate for composite structures, since monitoring function will enable higher performance if
they are less sensitive than metal structures to the tied into the flight control system, and also will reduce
accumulation of low stress level cycles, but are instead the occasional structural failure and loss of aircraft due
sensitive to the occasional high strain events. 1 This to unexpected flaw growth during the lag time between
and the fact that composite structures are designed to data collection and reduction. Current efforts are
strain criteria, makes direct strain sensing desirable. applying expert-based systems and artificial neural
This data is collected in flight and stored on the aircraft, networks (ANNs) to evaluate damage events and
and later reduced and analyzed on the ground, to track structural condition. Expert systems rely on learning
structural life. Maintenance organization engineering both healthy and degraded structural acoustic, strain,
and analysis departments note that the lag time between optical, temperature, or other responses, to forcing
flight data acquisition and subsequent data reduction is inputs. Anomalous response can be either identified as
typically several months, during which time the aircraft specific damage, or if not identifiable, can flag the pilot
continues to fly with predicted but unverified structural to reduce flight load severity, and alert the maintenance
integrity, technician to investigate. ANNs are being investigated

for processing the multitude of sensor outputs to deduce
3.2 Potential Smart Structures Technologies structural condition. Test aircraft are already
Advanced sensing and data processing technologies instrumented with more strain gages than can be
provide the capability for real-time structurally recorded for later analysis, so advanced data handling
integrated health monitoring. Strain and acceleration methods are needed even with current sensing
sensor alternatives to accelerometers and foil strain technology. The number of sensing channels
gages have been developed. The undesirable weight envisioned for even a near term health monitored
added by foil strain gages and associated electronics, the structure will overwhelm fighter-aircraft-sized modern
fragility of leads, and the weight of accelerometers and computer processors, unless some interpretation is
associated electronics are seen as areas for improvement. automated. The weighting and voting activities
The ability of optical fibers to accurately measure local implemented in ANNs will reduce an unwieldy number
and distributed strain fields is now well known, as is of sensor inputs to a manageable number of structural
their utility in acoustic and temperature sensing. response signals for structural integrity evaluation in
Acoustic emissions sensors are useful for detecting real time. Wright Laboratory research has noted a
events, but other techniques must also be used to strong sensitivity to minor variations in ANN
determine the condition of the structure. Piezoelectric interconnections and nesting of nodes, though,
elements can be used as sensors, actuators, or both. significantly affecting system convergence at the
The low ultimate strain capability of piezoceramics threshold of damage detection and requiring serih)us
(about 2000 microstrainZ) limits their utility in attention when laying out a network. 3 In addition, the
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capability of ANNs to infer possible damage, in capability. The desire to develop more structurally
response to new inputs it has not been trained efficient airframes capable of sustained higher
specifically to recognize, is important for detecting and performance leads to the need for on-board health
notifying the pilot or maintenance technician about monitoring for future aircraft. Another motivation is to
probable trouble when unanticipated damage occurs. shorten the lag time between data acquisition and fatigue

life assessment, as noted in the beginning of this
3.3 Applications/Current Research Efforts section.
Wright Laboratory has investigated several of the
aspects of a smart health monitoring composite The monitoring system developed under the Smart
structure, including the fiber optic strain sensing and Metallic Structures program will be compatible with
ANN studies discussed in the previous paragraphs. the US Air Force Aircraft Structural Integrity Program
Under the ongoing Smart Structures Concept (ASIP). A key task under ASIP is force management,
Requirements Definition effort, a conceptual design for requiring loads/environment spectra survey and
a smart structure system is being defined, and the individual aircraft tracking. Instead of predicting flaw
technology requirements for the system will be growth based on environmental monitoring, the smart
investigated. This program is also funded in part by the system will be capable of conducting real-time non-
US Navy, and will culminate with a laboratory destructive evaluation. Since the system will reside
demonstration structure to verify the feasibility of the with an airframe, it is inherently capable of tracking
selected concept. Wright Laboratory is planning to individual aircraft, and could even be configured,
initiate several smart health monitoring system depending on the system's electrical architecture, to
applications developments, as will be discussed in the track individual components on the airframe to allow a
next section. The operational capability of one expert- part's structural history to travel with it if part
based smart system concept has been proven in flight changeout occurs.
on a de Havilland turboprop wing.4 In this research,
key features of the signal from piezoelectric sensors A wide variety of sensor and logical technologies is
were stored instead of the actual sensor output, to reduce being considered for this system. Various gages may be
data storage and throughput requirements. The system employed in areas of known cracking, to sense crack
was trained to recognize modal response to structural propagation locally or over large regions. Since the
deviations consisting of loosened screws (to simulate sudden energy release of crack propagation in metal
missing rivets or a crack), which mostly affected the usually produces acoustic waves, acoustic emission and
higher dynamic modes (17th and greater). The system ultrasonic sensors may be useful for detecting damage
then correctly located and identified this induced events in unexpected locations. Strain sensors, from
"damage" in flight, and also demonstrated the ability to typical foil gages to experimental optical fibers, are
measure ice buildup. It was noted, however, that since included in most system concepts since they directly
the response deviation was greatest at the higher modes, measure a structural disturbance related to fatigue.
and the flight-induced ambient excitation was at lower Electrical techniques may be useful, especially in
modes, the structure had to be actively interrogated at detecting corrosion. The signal conditioning and
the high modes to identify the damage. System handling from a large array of sensors presents a
optimization at modes correlating to ambient problem that will require development of an expert
excitations would eliminate the need for periodic system to process in near-real-time. While an expert
interrogation and allowing uninterrupted health system also may be trained to notice off-nominal
monitoring. conditions and thus infer damage, interpretation of the

conditioned data to locate and identify damage probably
The Wright Laboratory is initiating the Smart Metallic will be best accomplished with an artificial neural
Structures program in the summer of 1992, to develop a network. The degree of distribution or centralization of
system capable of real-time health monitoring of metal the smart system will be determined by the available
aircraft structure. The motivation for implementing power, need for individual part tracking, weight
such a system is the compounding effects of increasing considerations of the different architectures, and speed
average age of military aircraft, and the increasing and sensitivity of operation. These are some of the
severity of flight environments to which they are considerations to be addressed in the early phases of the
subjected. An AIAA study group concluded that aircraft Smart Metallic Structures program.
equipped with automatic G-limiters and gust load
alleviation systems spend a higher proportion of their The program will progress through a full-scl.e hardware
flying time at load levels near maximums, than the demonstration. The selected logical technologies and
same airframes without such systems.5 Upgrading the their supporting sensor technologies will be developed
flight control systems of current fighter aircraft appear through test coupons, structural elements and
to therefore accelerate fatigue dunage propagation, and subassemblie unprtMg the sym design effor. A
poihts to the need for a retrofltabe health monitoring full-sale component with integrated smctural integrity
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monitoring system will be built and tested around 1996 The signal processing and data interpretation issues for
in both static and fatigue environments. Load sensing the Integrated Smart Structures Technology smart
and damage initiation and tracking will be conducted composite structure system are the same as for the
with the smart system through the test. Valuable Smart Metallic Structure system mentioned previously.
information will be gained through identification of The architecture of the logical system will be designed
near- and far-term applications, and issues raised in the based on desired level of hardware tracking (aircraft or
system performance tests. Operational capability is major assembly), power availability, system speed and
desirable for this first attempt at a smart metallic sensitivity, and the quantity and type of sensors
structure system, but is not required for program employed.
success. -Identification of implementation and
application issues will provide valuable input for future After developing and selecting the sensing technologies
smart system developments, and logical architecture for an integrated composite

smart health-monitoring structure, a smart system will
Composite structures present some different challenges, be designed, built and ground tested around 1996 in the
so another major program is focusing on health Integrated Smart Structures Technology program. The
monitoring of nonmetallic aircraft structures. demonstration article will be representative of a full-
Composites exhibit a greater variety of failure modes, scale aircraft structural assembly, to demonstrate and
complicating the issue of determining the nature of validate the potential capabilities. The developed
damage. Laminated composites can suffer delamination, system will actively track load levels and damage
fiber breakage, and matrix cracking; even transverse progression through static and fatigue testing of the
cracking does not typically propagate as cleanly as in structural article. Analysis will predict the cost payoffs
metals. Composite materials also possess a wider range in the maintenance and inspection areas, and
of electrical characteristics than metals, complicating performance payoffs through full use of the structural
any electric-based detection schemes. Their directional load capability of the integrated health monitored part.
structural characteristics lead to non-uniform energy By applying this technology to new airframe design, the
propagation at various layers through the thickness, ultimate payoff will be obtained through reduction of
further clouding efforts to locate damage. A joint overdesign, saving material costs and weight.
US/Canada effort is scheduled to begin in the fall of
1992 to pull together the array of technologies that have 3.4 Technology Gaps/Shortfalls
been shown in early research to address these issues. The current state of the art in sensory structures has
The Integrated Smart Structures Technology program several shortcomings. Research has noted that acoustic
will focus on demonstrating the payoff of real-time energy propagates nonuniformly in nonisotropic
health monitored, active, and adaptive, electrically materials, complicating the determination of location of
integrated composite structures, a damage event through acoustic monitoring. The

precision of acoustic sensing schemes in composite
Because of their built-up construction, laminated (or structures will therefore require characterization of
other forms of) composite structures lend themselves propagation velocities for the range of layups the
readily to sensor/actuator integration. Wright structure will be made of. The effects of holes, joints,
Laboratory is one of many research organizations and repairs on propagation characteristics also must be
assessing the structural implications of integrating characterized and predictable, to enable design of
sensing and active components into laminated composite hardware employing acoustic sensing.
composites. The Integrated Smart Structures
Technology program will address several issues in Wright Laboratory is conducting extensive material
developing the health monitored smart system. One of coupon testing to assess sensor embedment effects.
the first issues is the selection of embedding versus Other studies have measured reduction in compression
attaching the sensors. Embedment reduces structural strength due to sensor embedment, for the worst
strength and component accessibility, and requires close orientation (perpendicular to load and adjacent to
attention to the makeup of any cladding on the sensor longitudinal fiber plies), of up to 70%.6 This result
elements and transmission lines to control the laminate would seem to be due to the load-bearing longitudinal
properties. Attachment leaves the elements exposed to fibers bending around a transverse optical fiber, creating
damage. Sensing accuracy also may be degraded, since a prebuckled site. Aligning the optical fibers with the
composite structure's strain response varies through the reinforcement fibers and load direction in compression
thickness, possibly making it desirable for some loaded regions reduces the loss of strength to a
configurations to locate the sensors on the neutral axis. reasonable 15%. Knockdowns in tensile strength are
Coupon-level research will lead to selection of the much less, not exceeding 10%,7 since instability is not
physical configuration of the integrated smart composite the determining factor. In addition to determining the
Str systm to ID IC ad (demonUtrate. structurl effects of sensor integration, researchers also

must establish design rules for educating structural
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designers on proper sensor integration techniques, and
develop analytical tools, to make sensor embedment a 4.2 Potential Smart Structures Technologies
valid design option along with attachment and non- Any technology which exploits a structural
contact sensing methods. characteristic, to allow combination of functions, may

be considered for development. Of particular interest is
The lower strength and stiffness of optical fibers electrical tailorability of structural materials and
compared to structural reinforcing fibers reduces overall miniaturization, the specific technologies that will be
structural efficiency when they are integrated into combined will depend upon the specific applications,
structures. Exploiting the sensing capabilities of which are varied.
structurally capable fibers and materials, as well as
increasing the structural properties of current sensing 4.3 Applications/Current Research Efforts
devices, would minimize the structural degradation due A few of the multi-functional structures the US Air
to sensor integration. Force is currently working to develop are actively

filtered transparencies, and conformal antennae.
Operational smart systems must be developed to have a Materials with controllable response to specific
higher degree of robustness than current laboratory wavelengths of light are desirable as variable filter
demonstrations, to recover functionally after inevitable media in aircraft canopies. The capability to model the
power interrupts, and enable calibration and correction molecular structure and response of such materials is the
of periodic drifts. This will require that the sensing first step in designing such smart canopies. Liquid
techniques employed have some absolute or reference crystal molecular dynamics have been successfully
capability, and are not completely relative, simulated at Wright Laboratory, 8 with the intention

eventually to engineer the molecular structure of filter
While the metallic damage mechanisms of cracking and materials with target thresholds and response bands.
corrosion are readily distinguishable by various sensing Several sources have also experimented with mounting
methods, the determination of damage nature in flat, thin antenna elements on the outer surface of
composite structures is not well understood. Sensor aircraft to minimize aerodynamic impact, but the rest of
techniques for detecting the ccumrence of damage cannot the transmission system has been conventional. At the
distinguish between fiber and matrix cracking, which USAF Rome Laboratory, investigators are designing a
will affect determination of residual strength. Accurate complete system, including transmit/receive modules
isolation and measurement of damage effects are and signal processors, which would be installable in the
fundamental to health monitoring structures. door panel of a large aircraft (a Lockheed L-1011

4. MULTI-FUNCTIONAL STRUCTURE airliner).9 The stressed skin is treated as a radome,
Most current smart structures research involves the though, and does not assist in transmission other than
Mosbinaticuent smaifrt e s u ncture s , blercinv e the to pass energy. While conformal antennae are often
combination of airframe functions, blurring the portrayed as first generation multi-functional structures,
distinction between the structural, health monitoring, they are really not structural beyond aerodynamic
and control actuation disciplines. The Wright pressure loads, but are an admittedly tough advanced
Laboratory is also investigating a new area: multi- packaging project.
functional structures, or the incorporation of historically
non-structure-related functions into aircraft structure, The Wright Laboratory is initiating a research and
with the goal of reduced weight and volume, advanced development effort in late 1992 to integrate
Development of true multi-functional structures avionics elements into airframe structure. The goal of
presents significant challenges to structural designers, this program is to integrate a load bearing antenna into
since some features being considered for integration will a structural panel, to demonstrate aerodynamic,
involve combining very different engineering packaging volume, weight, and signal transmission
disciplines, advantages over a nonstructural mounted radio antenna.

The investigators intend to select an antenna
4.1 Current State of the Art configuration with operating parameters that will
The modern airplane structure is an aerodynamically benefit from a shallow, flat design, so that its function
shaped framework for mounting navigation and flight can be optimized in the conformal application, instead
control systems, propulsion systems, and other Support of forcing a design into a shape far from its optimal
systems. Typically, the structure accounts for about configuration. The electrical materials used for the
30% of the total vehicle weight, with mounted and antenna also will have to be structurally capable, fatigue
installed systems accounting for the other 70%. No resistant, and electrically stable at structural load levels.
attempt is made to combine structural supports for In addition, the electrical properties of the smant skin
different systems, with each electroic box comprising a and the surrounding structural materials will have to be
separate, stand-alone component, sometimes even controlled for high transmission quality. Structural
including its own environmental conditioning. design tec giques for ensuring durability. and system

t u feug r id s



27-6

design techniques for producing high quality electrical however, these systems are weight and internal volume
transmission, will be simultaneously applied so that inefficient. The use of active structures technologies
efficiency and high performance in both areas is will allow these and other performance enhancements to
obtained. The system design will include all associated be utilized while maintaining more usable internal
signal generating, power, transmission control, and volume and lower aircraft weight.
thermal management hardware. The design developed
will be built and tested around 1996, to demonstrate the 5.2 Potential Smart Structures Technologies
performance payoffs. Active structures technology relies on the use of active

materials to enhance the performance of aircraft
4.4 Technology Gaps/Shortfalls systems. Any active structure will be limited by the
The most obvious drawback to the integration of performance characteristics of these materials. An
structural members with other active components is the essential part of active structures research must therefore
resulting supportability of this complex package. be materials research. At the same time, applications
Access for troubleshooting and part replacement must research must devise systems requirements and
be considered early in concept development, since the demonstrate scaleable performance to develop materials
maintenance concept will be practically fixed from then specifications. Applications not feasible today due to
on. materials limitations can, then, focus materials research

to achieve performance improvements tomorrow.
Vulnerability to handling and combat damage is another Novel materials, both improvements on those discussed
significant consideration in integrating functions with below and those undiscovered today, will therefore
structures, especially outer skin structures exposed to become available over the next decade.
ground activity. Maintenance-induced damage is a
tough requirement on composite structures in general, Many classes of active materials currently exist today
and the induced damage may be much more serious, and and may be differentiated by linearity, frequency,
difficult and expensive to repair, when the structure bandwidth, temperature, and power requirements. Note
performs many functions and must be functionally that research into using active materials as composite
restored as well as structurally repaired. fibers is ongoing so many of these materials may also

be embedded into composite plies and laminated into
5. ACTIVE STRUCTURE structures. 13

Since active structures can both carry structural loads
and respond to external commands, they must be The first class of materials, shape memory alloys
composed, at least in part, of active materials which display a phase change at a specific temperature.
exhibit strain in response to an external command Current flowing through the SMA material raises the
signal. This command can be an electrical signal temperature and causes a contraction of the material
(piezoelectric, electro-restrictive), a magnetic field returning to the pre-deformation state. They must then
(magneto-restrictive) or a temperature change (shape be cooled to allow them to deform again. The stiffness
memory alloys). The use of active materials allows and geometry of a structure containing shape memory
traditional aircraft structure to control system behavior alloys are dependant on temperature. The effect on the
and improve performance. structure is inherently non-linear in nature. Cooling

rates limits SMA the actuation frequency bandwidth to
5.1 Current State of the Art less than a few Hz.
In current use there are no systems which use active
structures technology as defined in the previous section. The next class of materials, linear electro-mechanical,
Active structural control has, however, solved a variety possess a nearly linear relationship between electrical
of problems. Active mirror mounts were used to charge or field and mechanical stress or strain.

control vibrations in the Airborne Laser Laboratory, 10  Piezoelectric materials, such as G 1195, are examples of
an active decoupler pylon was utilized to increase the this class. Application of an electric field causes the
flutter margins on an F-16 aircraft, 1 1 and the Mission material to strain allowing structural actuation. Some
Adaptive Wing Program modified an F-ill wing to hysteresis in the strain-voltage relationship may be
demonstrate the increase in performance the ability to observed. Actuation is possible over a large frequency
change wing camber in flight could provide. 12 The range from DC to several kHz although creep effects
hydraulic or pneumatic systems used do not meet the limit DC performance. The materials are temperature
active structures definition above since the active independent over this frequency range if temperatures are
elements are separate from the load carrying structures. below their Curie temperature (-360OF for G 1195)
Additionally, the systems require an external pumping above which they loose their electro-mechanical
system to operate that is heavy and requires a large coupling. The power required to actuate piezoelectric
internal volume. In all, systems exist now which materials is generally low.
utilize active control to increase aircraft performance;

II
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The third class of materials, non-linear electro-
mechanical, includes piezoelectric materials with Another possible aerodynamic application is the control
significant hysteresis effects as well as electro- and of unsteady aerodynamics seen in either high angle of
magneto-restrictors. Electro-/magneto-restrictors strain attack flight or in turbulent boundary layers. This
when placed into an electric or magnetic field. The application would require local changes in the airfoil
relationship is nonlinear in nature (i.e., strain o (field) 2  skin that would interact with the unsteady airflow,
for electrostictors) causing the actuation to be a non- reduce drag, and increase performance. Other than the
linear phenomenon. Frequency range, temperature, and need for high frequency control, applications
power requirements are the similar to linear electro- requirements am unknown at the present time.
mechanical materials. Another set of aerodynamic applications are in
Utilizing active materials, active structural control has propulsion. Active flow field control could be used to
been demonstrated, mostly on beams and plates. Too keep combustion optimal in future engine designs.
many researchers have demonstrated active vibration Active materials could also be utilized in thrust
control, acoustical emission suppression, and actuation vectoring nozzles to provide higher frequency control
of aerodynamic control surfaces on simple structures to capability and lighter weight. Materials developments
review here. Demonstration and validation of this will have to proceed these applications due to the high
technology to aircraft typical structures has not yet been temperatures found in aircraft engines. The externals of
accomplished. engines, however, have lower temperatures, on the order

of 300-400 0F, and suffer from many vibration problems
S.3 Applications particularly in the region of turbine rotor frequencies
Incorporating active materials into aircraft structures (30-100 Hz). Active damping of the external
will allow designers new flexibility with which to components could provide life cycle cost savings for
increase aircraft performance. These performance propulsion systems.
enhancements will allow future aircraft systems to
outperform their adversaries and better accomplish their Solution of the engine externals vibration environment
mission. Potential applications for active structures would be similar to other structural dynamics
span many disciplines including aerodynamics, applications in vibration, acoustics and aeroelasticity.
propulsion, aeroelastics, vibration, and acoustics. The high vibratory environment of aircraft systems
Several example applications in each of these fields will presents a range of challenges to the designer. Possible
be discussed. These examples are no means exhaustive applications would include active isolation of stores,
but instead attempt to span smart structures applications equipment, sensors, or pods; skin panel fatigue life
envisioned for aircraft systems. Since active aircraft extension; tail buffeting reduction; active landing gear;,
structures research is still at the basic level, performance and gun-fire vibration reduction. These and other
requirements and design studies for most of these vibration applications vary in frequency, bandwidth,
applications have not yet been performed. Actuation temperature and control authority requirements.
requirements for some await materials developments, Solutions could involve active isolation, damrping,
others could be built today with focused technology control, or any combination of the three. Studies of
development. The purpose of this discussion is to these applications are needed to identify and pursue
present various applications and briefly discuss known those which are both feasible and have a high payoff
requirements and encourage others to pursue further potential.
investigation. The ideas presented are a synthesis of
many discussions with various colleagues at Wright The second subset of structural dynamics applications
Laboratory. Researchers here are currently exploring a are aeroelastic. Coupling between the aerodynamic flow
few of these applications but a discussion of their and structural dynamics can result in flutter. Active
efforts will be left to the next section. structures may be able to attack this problem from both

directions: aerodynamic and structural Novel control
Aerodynamic applications for active structures surfaces or active wing twisting may be possible. In
technologies require changing structural contours of the the near term, active structures can improve on the
aircraft to influence the airflow. One possible decoupler pylon, designed and tested in the early 1980s,
application would be to change airfoil shape to optimize which demonstrated the use of an active pylon to
performance at varying airspeeds particularly in the minimize store/wing flutter. Direct active flutter
transonic region. Studies 14 have shown that only control through wing twisting will require an increase
small changes in airfoil shape can result in significant in the control authority currently available from
drag reduction. This application is similar to the piezoceranics or an increase in the bandwidth of shape
Mission Adaptive Wing. Actuation requirements are for memory alloys. Gust load alleviation, which would
quasi-static control therefore shape memory alloys may require actuation schemes similar to flutter control but
prove best for this application. less authority and does not involve aircraft instabilities,
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may be a nearer term application. Finally, active structure may be developed for fabrication and test. The
isolation of aeroservoelastic instrumentation may function of this active structure will be determined after
improve the performance of current flight control assessing the technology maturity and payoff potential
systems by decoupling the gyros from the elastic of proposed systems, which may be aimed at
aircraft vibration modes. controlling twin tails during buffeting from radical

maneuvers, vibration attenuation in jet engine support
Acoustics applications comprise the last subset of structure, efficient flight control surface actuation, and
structural dynamics applications. Two areas which have battle damage mitigation.
been demonstrated are cabin noise reduction and cavity
resonance problems. Cabin noise can be reduced for In other sections of the Flight Dynamics Directorate,
either the passengers or pilots of aircraft, especially research is in its infancy. No formal investigations are
propeller driven aircraft. This can be accomplished by currently underway however interest has been expressed
either changing the fuselage frequency response to by both the Aeromechanics Division, Flight Control
decrease resonance or active noise cancellation using Division and the Aeroelasticity Group who wish to
loudspeakers. For the pilot, active headsets are also look at control of unsteady aerodynamics at high angles
possible and available currently for home use as well. of attack. Additionally, the Aeroelasticity Group is
Finally, cavity resonance for internal carriage of investigating the use of active flutter control using
weapons with release at varying airspeeds may require active structures technology. No further information is
active spoiler control. available at this time.

In summation, a wide array of aircraft applications for 5.5 Technology Gaps/Shortfalls
active structures technology exist; albeit at the In general, research at Wright Laboratory on Active
conceptual stage. Further study in this area is therefore Structures Technology is at a much earlier stage than
required. that of Sensory or Multifunctional Structures. It is still

possible to identify some technology gaps that must be
5.4 Current Research Efforts conquered before active structures technology will be
The USAF Flight Dynamics Directorate of Wright ready for transition to Air Force systems. These may
Laboratory is beginning research into the application of be discussed in three general groupings: systems
active structures technology. Currently, the Structural integration, signal processing/control algorithms, and
Dynamics Branch is investigating the uses of materials.
piezoelectric materials as actuators. The current effort is
aimed at exploring different actuation schemes on Systems integration of active structures technology
simple test articles (beams and plates) and developing poses many challenges. First, technology payoffs
modelling and design techniques. Concurrently, must be quantified and requirements established. Then
investigation into vibration isolation requirements for realistic demonstrations of this technology on small
targeting pods and wing/store interaction is underway. scale test articles must be conducted and requirements
Following the requirements definition phase, a for materials and signal processing/control algorithms
preliminary test article will be designed and fabricated. determined. Only when this technology is demonstrated
Research into vibration attenuation will then proceed on realistic test articles will more advanced flight
with a series of modifications to this test article adding worthy testing be possible.
complexity at each stage. The goal is to demonstrate,
in the laboratory the use of active structures technology Aircraft systems pose a challenging set of control
for a realistic aircraft system. problems. They are non-linear, time varying systems;

hence, system identification and active control must be
The Advanced Composite Structures Group of the adaptive in nature. Nonlinear adaptive controllers, like
Flight Dynamics Directorate is also considering active neural networks, will be required to field reliable
structures technology in its Integrated Smart Structures systems. Real-time digital computing will need to be
Technology program, which is primarily focused on miniaturized and have its bandwidth increased.
structural health monitoring. The active system Advancements in the fields of nonlinear, adaptive
development will probably be a separate component control will need to address many issues which can only
from the demonstration component for the smart health be specified by aircraft structural researchers.
monitored structure. While this does not achieve Multidisciplinary collaboration will thus be needed.
maximum integration, it is an appropriate approach at
this time, considering the immaturity of applications of Materials improvement and quantification will also be
both technologies. Each application will have to be needed before flight worthy structures can be built.
developed further before development of a fully Actuation power improvements will be needed to realize
integrated smart sensmry/active full scale structure would some of the greatest benefits, such as active flutter
be justified. As resources permit, an active full scale control. Fatigue life characterization for piezoelectric
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materials is sketchy at best. Additionally, their weight
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Abstract thermally induced strain energy in the solar array
on Hubble Telescope, (3) low resonant frequency

Future proposed NASA missions with the need for of the antenna boom near its zero strain position
large deployable or erectable precision structures resulting in large nutation rotation on Ulysses,
will require solutions to many technical problems. and (4) partially deployed high gain antenna on
The Jet Propulsion Laboratory (JPL) is developing Galileo.
new technologies in Adaptive Structures to meet
these challenges. This paper describes the JPL is developing technologies to meet the
technology requirements, approaches to meet the challenges of future NASA missions, including
requirements using Adaptive Structures, and the those related to Adaptive Structures [1,2].
recent JPL research results in Adaptive Structures. Adaptive Structures are systems whose geometric

and physical structural characteristics can be
Introduction beneficially modified to meet mission

requirements either through remote commands or
Future proposed NASA missions with automatically in response to internal or external
characteristics similar to the Large Deployable stimulations [3,4]. The use of Adaptive Structures
Reflector (LDR) shown in Figure 1 and the for deployment/construction in space is in [5], for
Optical Interferometer shown in Figure 2 will ground test validation is in [6], for meeting
require large precision structures. The precision requirements is in [7,8], and for
dimensions of the structure are 20-50 meters with addition of redundancy is in the various
precision requirements from a few microns to sub- references. Two international meetings on
microns. Research is primarily on truss type Adaptive Structures [9,10] were successful, the
structures because they must either be deployed Third International Conference on Adaptive
or assembled in space due to the size constraints Structures will be in Nov. 1992, and the following
of the future launch vehicle shrouds. Some meeting will be in Europe, Nov. 1993.
important technology challenges for the structure
are: Background
o to improve the reliability of its

deployment/assembly in space, Joints necessary to allow the motion of fixed
o to validate the structural system by length members in deployable structures may be

ground tests, incompatible with large precision structures.
o to meet the precision structural Upon deployment, the existence of small gaps in

requirements during its 20-30 year the joints will lead to large errors in the shape of
lifetime, and the structure and will result in a non-linear

o to add redundancy to the mechanical structure. The structure will be difficult to adjust
"system. statically and actively control because of the

These challenges are partially a result of recent random type frequency responses when subjected
flight experiences such as (1) thermally distorted to a sinusoidal input. In indeterminate structural
solar array that significantly changed the mode systems, small member length changes can
frequency on the Solar Array Plight Experiment develop large internal forces within the structural
(SAFE), (2) large disturbances from release of system during its deployment. The large internal
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forces are often the cause of unsuccessful
deployments. The design must limit the internal
force within the structure at any location to an
adjustable force level to allow completion of the
deployment. After successful deployment, the
design must provide for the elimination of joint
gaps. One approach is to preload the joints to
adjustable levels of force necessary to assure a
linear structure.

New technologies are necessary to meet the initial
on-orbit alignment requirements and to maintain
the alignment in the face of onboard disturbances
and environmental effects, such as temperature
variations. Presently very little information exists
about the behavior of materials and structures in
this very low strain and deflection regime. There
are several major technology challenges in
meetingthese stringent dimensional requirements.
The structure must have the capability for
on-orbit adjustments to provide the prescribed
shape and maintain that shape. Also it must have
the provisions to quasi-statically correct for
dimensional changes due to temperature or space Figure 1. Large Deployable Reflector (Artist's
effects of materials. Onboard disturbances, such Concept)
as reaction wheels and tape recorders, create
undesirable jitter. Structural control must be
provided to stabilize the system dynamically by Structures to address the above requirements.
adding structural damping, isolating the source,
isolating the critical instruments or most likely, all Static or Shape Control
the above.

A requirement is to control statically large
Another technology issue in the development of precision space system by eliminating
large precision structures is the qualification of nonlinearities due to loose structural joints, by
the structural system for flight, that is the type of correcting for tolerance buildup in construction,
ground testing required to assure that the system and by providing adjustments to counteract the
will meet the on-orbit functional requirements. effect of material degradation, creep, or slowly
Historically, structures have been verified by varying distortions due to temperature changes.
extensive ground testing before project Initially, the possible magnitude and distribution
management would commit to launch. The size of the deviation from the desired position and the
of the structural systems required for future magnitude and location of the joint gaps must be
missions and the gravitational and atmospheric established. This information is necessary to
effects will make it difficult, if no impossible, to select and locate the actuators and sensors
test these systems on the ground to validate their [11,12,13] in optimal positions. The structure
service configuration. To meet these stringent must be linearized by preloading the structure by
accuracy requirements and then to validate these the actuators. An important issue in static or
requirements by ground testing require new shape control is the determination of the shape of
approaches. the deformed structure. The determination of the

static shape is difficult and may require an
The design that incorporates the above onboard metrology system. Possibly the
capabilities must include redundant features to observations using the precision structures as a
allow for a reliable system. This report describes science experiment may establish the static
the conceptual, theoretical and experimental deviations from the ideal shape. A method of
research in progress at JPL related to Adaptive using internal displacement sensors to measure
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length changes in selected truss members to extensive analyses. Tests on one meter hexagonal
estimate structural deformations is in [14]. flat panel and a one-half meter hexagonal panel
Knowing the deviation, the actuators provide the with a radius of curvature of 7.6 meters resulted
required adjustments for the critical points of the in a change in focal length of up to 3 cm. The
system. For telescope systems, adjustments of the one-half meter test specimen is in Figure 3.
supporting structure, described above is but one These tests also corrected for astigmatism and
step in achieving the required precision. Another coma (19].
application of shape control is the deformation of
the reflector surfaces to improve the optical
quality of the image. A deformable panel concept
for the correction of long wavelength errors for
lightweight space telescope mirrors exists [15,16],
developed as part of NASA's Precision Segmented
Reflector (PSR) program. The goal of the PSR
panel development task is to develop highly
accurate, lightweight reflector panels [17,18].
The panels consist of a curved sandwich
construction of graphite reinforced polymer
laminated facesheets and a honeycomb core.

Figure 3. Deformable Composite Mirro Showing
Piezoelectric Actuators Installed on
Back Surface [19]

Vibration Control

The development of new methodology for the
suppression of undesirable dynamic responses will
play a very important role in the design of high
precision space systems. Adaptive Structure
concepts, primary candidates for new vibration
suppression methodology, are in development at
JPL as part of two focused technology programs.
Both are cooperative programs with the NASA

Figure 2 Opticai btrkomete Langley Research Center (LaRC) and sponsored by
NASA's Office of Aeronautics and Space
Technology (OAST). One objective of the
Controls Structures Interaction (CSI) program is

The deformable panel concept uses piezoelectric to integrate the structure and control system [20].
ceramic actuator elements on the back facesheet Activities at JPL focus on the development of
of the mirror as actuators. These actuators apply concepts, integrated design methodology, and
forces in the plane of the back facesheet to ground test methodology including the
deform the reflector surface without a backup development of passive and active structural
structure. The weight of the total active system is members. Applications to space interferometry
only a small fraction of the weight of the mirror are the focus of the CSI program. Figure 4
itself. The optimization of the actuator locations defines the CSI goal for jitter suppression for a
and the required voltage distibution to obtain a typical space interferometer. The objectives of the
particular correction pattern was a result of PSR program, on the other hand, are to developI
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enabling technologies for large, lightweight PSR test bed structure. An alternative method of
segmented reflector systems for space. One goal introducing damping is through viscous damping
of PSR is to introduce vibration suppression (21] elements. The particular device chosen for
in the backup truss structure. Current research in evaluation is the D-Strut designed and
vibration suppression at JPL can be broadly manufactured by Honeywell/Sperry. The D-Strut
grouped into four major activities: design and is an outgrowth of a space qualified viscous fluid
application of passive and active damping devices, damper designed for use on the Hubble Space
development of an active isolation system, Telescope to isolate the telescope from vibrations
development of strategies for vibration of the reaction wheel assembly. This device
suppression, and experimental verification, employs a silicon fluid and operates in the micron

4 level displacement regime [23]. In a typical
10 •application on a space truss, the damper is in

CONVENTIONAL series with the inner of two concentric tubes
-L which form the truss member. The test results

10-7 •will be discussed in a following section. A second
generation D-Strut damping unit jointly designed
by JPL and Honeywell/Sperry and manufactured

- by HoneywelV/Sperny is currently in use. The
10"8 performance of these units will be evaluated at

JPL using multiple locations in a truss structure.
2 __ _ A key aspect in the development of active

structures is the incorporation of sensors and
actuators into the structural system. Two types of

R active members are currently under developmentRUIDIMENTARY

CSI 0"° TECHNOLOGY at JPL The first of these, called the "mighty
0worm, combines precise large static position

CSI TECHNWOLOGY adjustment with dynamic response control. It
GOAL uses a piezoelectric element with damping

provisions at both ends for static adjustment.
10 0102 When the active member is inactivate, the

external loads by passes the piezoelectric actuator.
Figure 4. CS1 Goal - Jitter Supression for Space A second active member designed and fabricated

Intew ometer [20] by JPL [24,25] is only for vibration control or
static deformation for a short period. It functions
as both a structural member and as an actuator.

Passive and Active Damping Devices The design is such that either of two actuator
Two basic devices under development are, passive motors can be used. One is a Lead Zirconite
dampers and active structural members. Precision Titanate (PZT) ceramic, the other Lead
structures are inherently very lightly damped. Magnesium Niobate (PMN). The actuator with
During the design of control systems for Adaptive the PZT motor is capable of driving a maximum
Structures, the addition of passive damping force of 500 Newtons and a maximum member
appreciably enhanced the performance. Two displacement of 63 microns with a maximum
concepts for enhancing the system structural operating voltage of 1000 volts. The
damping to date are passive dampers and active corresponding data for the PMN actuator are, 455
members. The first of these concepts uses Newtons, 39 microns and 300 volts, respectively.
viscoelastic materials in a parallel load path [22]. The PMN motor showed much better hysteretic
For a simple cantilever truss structure, one properties but suffered from temperature
viscoelastic damper element, placed at a location sensitivity. The active member has essentially
of maximum strain energy, increased the modal "zero stiction'. Typically the residual
damping by a factor of five for the first normal displacement in the member is between 1-10
mode. Four elements produced modal damping nanometers. An eddy current sensors with an
values by a factor of 7 higher than the undamped accuracy of approximately 2 nanometers,
structure in the first mode alone. Viscoelastic measures the relative displacement across the
dampers will be hutheir evaluated at JPL using the actuator. Another actuator design [21) includes a

Ii
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low voltage PZT motor capable of driving a the system on a flexible test bed.
maximum force of 635 Newtons and a maximum
member displacement of 45 microns with a Strategzies for Vibration Suppression
maximum operating voltage of 150 volts. The The requirements of future astronomical
next generation actuators are currently being instruments such as telescopes and optical
developed at JPL interferometers are so stringent that a

multi-layered approach to vibration suppression
A schematic and a photograph of an actuator is in will be required. The approach under test at JPL
Figure 5. combines disturbance isolation, active and passive

structural vibration suppression, and active optical
.. pathlength compensation. The most promising

... /means for providing effective structural vibration
suppression is through the application of Adaptive
Structure technology. An effective strategy
requires the distribution of passive and active
structural elements throughout the structure in an

**-, , optimal manner. Experience has shown that
engineering judgement does not suffice if the
system is complex. The problem is one of
combinatorial optimization for which the solution
becomes intractable as the problem size increases.

... "-' The simulated annealing technique successfully
provided a near optimum solution [27,28]. Two
strategies were pursued in the incorporation of

- • . active structural members into an adaptive
system. One introduces active damping by using
collocated feedback to the active members
(29,30,31]. The other scheme achieves global
stabilization by non-collocated feedback control
[32,33]. In the implementation of the global
control algorithm, the finite element model,
although test verified by extensive modal testing,
was not accurate enough for non-collocated
control. As a result, a multi-input multi-output
state space model using single-input multi-output

_ __ frequency response measurements [33] was
necessary for non-collocated control. Both the
collocated and non-collocated feedback control
strategies are in Figure 6 and the results are in

FigW e 5. Second o nratm Actmie Member [24J the following section.

Experiments in Vibration SuDnression
Disturbance Isolation Experimental studies have been invaluable for
A six degree of freedom active vibration isolation uncovering research directions in the development
system has been designed and fabricated. This of Adaptive Structures. Although ground tests
system employs six active members to provide comprise most of the experiments to date, some
local vibration isolation from an onboard flight data in a reduced gravity test environment
disturbance source, such as a reaction wheel aboard an aircraft exists.
assembly. The design objective has been to
provide a system that is statically stiff, providing Extensive ground testing proved the application of
effective dynamic isolation over a prescribed passive and active damping concepts in vibration
frequency range. Analytical studies for the suppression. It is linear down to a displacement
implementation of a system are progressing [26). of 20 nanometers. Upon characterizing the
Plans are to run an experimental demonstration of individual units, testing the system with the
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Figure 6. Vibration Suppression Studies (20J

D-Strut in the JPL Precision Truss (CSI Phase 0 on the transfer function. Active members in the
Test Bed), Figure 6, validated the D-Strut. The CSI Phase 0 Test Bed helped show the merits of
plot labeled 'Passive Damping" in this figure several strategies for vibration suppression. It is
shows the effectiveness of only one such damper important that the impedance of the

activemembers matches the impedance of the

____ surrounding structure. Both for the
demonstration of the local and glob.• control
strategies, the actuators were the two active
members at the base of the structure, as shown in
Figure 6. The disturbance source is at the centerS...."-- •bay and the control points are the concentrated•. masses at the upper two outriggers. Experimental

S... •,• •-•results using two active members with local
S~controllers are in the plot labeled "Local Control,'-- Figure 6. Global control with the non-collocated

sensors and actuators, stabilized the vibration in
three degrees of freedom at one outrigger.
Experimental results of a control system are in
Figure 6, labeled VGlobal Structural Control'.
The PSR test bed shown as Figure 7 is a truss

Figupre 7. Precision Segnmud Raeleu n structure for defining an accurate two

demostrtionof he lcaland lob9 cotro
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dimensional surface in space in contrast to CSI.
The vibration suppression results [21] are in
Figure 8. "____ ____ ____

0 2 .......... -... .. .. .... \.............. . .......... ......... ...............-, ,

" 6 : .:.......... .. ... ...-... .... . ............... . . . . .:•i

Z 10" i.

30 40 so 60 •

Freauent (Hz) •"
Figur 8. Vi'iration Suppression Results on the AQVVIWP*M.M

Prcso Segmented Reflector [21] r 0•-

A new, larger and dynamically more complex CSI
Phase B Test Bed shown as Figure 9 is currently s.
operational. Several layers of control to show the ~ m•,.
advantages of integrating optical pathlength
control, structural control, and vibration isolation
was proven on this test bed. Methods will be
investigated to combine passive damping
augmentation, local control, and global control.
The test setup will contain up to 5 passive Figure 9. CSI Phase B Test Bed
members and up to 8 active members. Various
combinations of these members will be evaluated
to confirm the results of the studies to optimize incorporated into a 12 meter truss structure. The
the passive and active member mix and the control consisted of collocated force and velocity
member locations [34]. Pathlength control to 10 feedback. An impact force provided the excitation
nanometers was achieved. The development of during the 20 second reduced gravity window.
the six degree of freedom isolation device will Figure 1 1 shows the open loop and closed loop
continued. Recall that the ultimate goal of the CSI frequency response functions measured by an
program is to suppress the optical pathlength accelerometer at the tip of the structure. The
jitter down to one nanometer over a frequency experiment demonstrated that effective local
range of 1 to 100 Hz, Figure 4. JPL is building controllers can be designed without the precise
the next generation CSI test bed, the Phase I Test knowledge of the dynamics of the system.
Bed. Both the CSI Phase 0 and Phase B Test Beds Designing for redundancy is feasible since the
are attached at its base to the ground. The Phase failure of one actuator reduces the level of active
I Test Bed, Figure 10, is a free floating structure damping. In future designs, spare actuators in
designed to validate structural control, the design can be used if other actuators fail.
disturbance isolation and optics motion
compensation with rigid body attitude control and Adaptable Deployable Concepts
precision optical pointing systems.
TI, e application of Adaptive Structure technology The application of active members in the
was successful in a flight experiment conducted development of an adaptive deployable structure
jointly by the U.S. Air Force Flight Dynamics concept [5] is currently under study at JPL, The
Laboratory and JPL [35]. The reduced gravity test configuration chosen for the focus mission is a
environment for a 10-20 second period occurred deployable tetrahedral truss for a 3.8 meter
when the KC-135 aircraft flew a parabolic diameter reflector, Figure 12. The objective of
trajectory. Two active members were this study is to develop a structural concept
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precision structures [7]. Advanced structural
concepts, required to meet future mission
requirements, will not be adopted by project

Figure l0. (31 Phase I Test Be managers unless these concepts can be qualified
to meet on-orbit functional requirements by

withactive members to (1) assist in the ground testing and analysis. Traditionally, on
deployment of the structure, (2) provide preload past programs a strong emphasis has been on
capability to eliminate non-linearities inherent in testing since analyses often did not adequately
the deployable joints, (3) provide static represent the hardware. Current approaches for
adjustments to maintain a high accuracy backup the verification of on-orbit characteristics by
structure for the reflector panels, and (4) provide testing consist of the simulation of the boundary
the capability of attenuating vibration to within conditions of the structure and a demonstration of
prescribed levels. One approach to improve the system performance. Future large precision
deployment reliability is to include into the systems cannot be adequately ground tested using
deployable structure an active member that current technology primarily because of gravity.
lengthens under tensile loads and contracts under Even with advances in computational capabilities,
compressive loads. The control of the magnitude ground validation tests will be required. The
of the internal forces during the deployment is incorporation of Adaptive Structures allows a
through control settings of the threshold force to change in the ground validation test approach.
extend or contract the active member. The non- The objective will now be to establish the upper
linearities in the structure due to joint gaps can and lower limits of the structural parameters and
be eliminated by preloading the members of the characteristics. Adaptability in the structure will
indeterminate structure in its deployed position. then be provided by design, assuring that
Then the structure is statically and dynamically sufficient fidelity in the actuators exists to meet
adapted. The goal is to minimize the number and the accuracy requirements and the desired
type of active members to meet the above performance requirements are within the range of
objectives (12]. A multi-criteria optimization the ground test. Using this approach, the ground
scheme maximizes the satisfaction of the test requirements for large very accurate complex
objectives, structural systems can be relaxed by several

orders of magnitude. During the 20-30 year life
Ground Test Validation of the structure, the structure adapts to changes

caused by long term space affects on the stability
Adaptive Structure concepts provide much needed of the structure.
relief for the qualification process of large high

4i

,I
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Figure 12. Adaptive Deployable Concept

Symtem Identification

Since Adaptive Structures will change Figure 13. Microdynamic Tester [41]

configuration and characteristics frequently if not
continuously, on-orbit identification of structural millinewtons and measure displacements in
parameters will be required to establish the nanometers up to 50 Hz, Figure 13. The tester has
required adaptation and to optimize the control of a moving table supported by six flexure legs.
the system. The inherent instrumentation The legs contain piezoelectric actuators to allow
embedded into the structure, such as active changes in length up to 200 microns. These
members and their associated displacement actuators allow axial loads and moments to be
sensors provide an excellent capability for generated at the test specimen. Laser
performing on-orbit tests for the identification of interferometry measures the displacements
parameters. between the ground and the table. The results of

using tester on several joint designs and the
JPL is using active structural members as D-Strut damper are in [40,41].
excitation sources for an on-orbit modal test, both
analytically and experimentally [36,37,38,39]. A In-Space Assembly
distinct advantage of using active members as
excitation sources is that transfer functions Adaptive Structures will play an important role in
required for control purposes can be identified in-space assembly. During the assembly of
directly. Experiments using a rigidly supported structures in space, a highly probable situation is
ground test bed have shown that the modal the distance between the attachment nodes differs
parameters obtained using active members as from the fixed length of the structure to be
excitation sources have produced modal assembled. The discrepancies can be attributable
parameters with equal or better accuracy than to fabrication/assembly deviations, thermal
those obtained by a conventional modal test. Also conditions, space effocts, and many other sources.
the change in structural damping or stiffness of In these situations, a large force capacity
an Adaptive Structure can be established by mechanism is necessary to force compatibility for
activating various combinations of active members the assembly of the indeterminate structure. To
while using others as an excitation force. simplify the assembly task and improve its

reliability, active members to control internal
Microdynamics Tester forces during assembly are desirable. Active

members are similar to those described for
Adaptive Structures will be operating in the adaptive deployables. Space cranes are another
micron or even down to the nanometer regime. good example of the application of various aspects
Of particular concern is the behavior of structural of Adaptive Structures. Variable length active
joints and passive and active energy devices when members strategically placed in the structure,
subjected to very small forces or displacements. such as in the batten members of an octahedral
A JPL developed test machine can apply forces in module, can produce the changes in geometry
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1. SUMMARY
Active control of an aircraft landing gear can give improved most potential for ride quality improvement in this case.
passenger ride quality during take-off and landing. The Realistic hardware assumptions are applied to the landing gear
active control system studied here uses feedback from design and mathematical models. Two types of system are
airframe mounted sensors to modify rigid body and structural considered:
response. The system is based primarily on modifying the (i) Active damping control, where the oleo damping orifice
damping characteristics in the nose gear oleo. This is area is modulated in a closed loop feedback control
achieved by reducing the damping orifice area, with active area is ate intaoclosedlop feeda cnrolsystem. This active control of damping effectively varies
control of the area about this new datum value. In addition, the oleo characteristics in proportion to a suitable
the benefits of a fully active nose gear using a separate supply response parameter, such as acceleration of a point on the
of high pressure hydraulic fluid are evaluated, fuselage. The weight and power required by an active

damping control system will be small, and this could be a
Significant benefits are demonstrated with the active damping practical active landing gear control scheme for
control system compared with the basic landing gear. reasonable ride quality performance benefits.
Responses to general runway roughness and discrete runway
bumps are considered. The active damping control system is (ii) Fully active oleo control, where direct force control of
shown to be effective in reducing peak and r.m.s. passenger the oleo is applied by introducing additional hydraulic
normal accelerations at all fuselage stations, particularly nose flow, effectively using the oleo as an actuator
and tail. Good improvement can be obtained from active (References I and 2). Active damping control can be
damping control of the nose gear, with no modification to the included in a fully active system. The main drawback to
main gear. The first fuselage bending mode response can be this scheme is that very large hydraulic flows may be
reduced by active damping control. The benefits from the required to achieve the desired performance
fully active system are marginal, considering the additional improvements, particularly for the main gear.
system complication. These effects are illustrated for a typical
transport aircraft configuration. The active control requirements for ride quality during

take-off and landing roll out conflict with the requirements of
2. INTRODUCTION the landing impact case. In a practical active landing gear
An aircraft landing gear must be designed to meet various system a scheme must be devised to switch the system on after
requirements over all ground-based operating conditions. It touchdown. The practical aspects of these two requirements
must be capable of absorbing the impact of a severe landing need to be studied to assess how best to satisfy both
case as well as the response to uneven runway surfaces during objectives.
taxiing, take-off and landing roll-out, which determines the
ride quality on tho ground experienced by the passengers. The longitudinal rigid body mode of the aircraft on the

ground is the primary contributor to normal accelerations
An actively controlled landing gear system can be used to along the fuselage, and this is likely to be at a frequency
reduce the transmission of forces into the airframe from below I Hz. For a large aircraft the first airframe vibration
general ground contact. The operation of such a system also modes that influence the fuselage normal accelerations of
has the potential to reduce the whole aircraft rigid-body and interest for perceived ride quality are generally in the range
structural vibration motions transmitted into the passenger from I Hz to 10 Hz. The sensitivity range of the human body
cabin due to ground contact, giving improved ride quality on to vertical acceleration is maximum between 2 and 6 Hz, with
the ground. This concept also holds out the possibility that roll off below and above this range, based on a representative
structural design cases associated with ground contact can be criterion such as that in Reference 3. In this study passenger
significantly alleviated. Furthermore, a reduction in the vertical acceleration is used as the basis for defining the active
fatigue loads on the ground may be achievable using an active system performance, and the rigid body motion response is the
landing gear system. mode that is most amenable in achieving ride quality

improvements.
The study described here is of an active landing gear system
for passenger ride quality improvement in a commercial The passenger accelerations at the important structural mode
transport aircraft. The objective of the study is to investigate frequencies result primarily from the fundamental fuselage
an active landing gear control scheme that can provide some vertical bending mode. Whole aircraft structural vibration
improvement in ride quality along the passenger cabin as modes are used to evaluate fuselage accelerations. For the
determined by fuselage normal accelerations during take-off aircraft studied here the lowest frequency mode significantly
and landing roll out. The direct forces transmitted through affecting fuselage bending is at 3.6 Hz, and the capability of
the legs from runway surface irregularities influence the the active landing gear system in reducing the response in this
whole aircraft rigid body response and the response in the mode is included in the system performance assessment.
airframe vibration modes. By actively controlling the nose
and main gear olae it is possible to influence the direct 3. METHODS OF ANALYSIS
runway forces transmitted to the airframe as well as the The analysis methods have been developed for a landing gear
induced motions from rigid body and structural mode dynamins software package funded by British Aerospace
excitations. (Airbus) Limited. This software package incorporates the

necessary theoretical modelling and analysis methods for
Various aspects of the dynamic performance of the system in aircraft landing Sear, with particular relevance to commercial
response to typical random and discrete runway profiles are transport aircraft. It is used as the basis for this study, with
addressed. The results reported are restricted to active control several modifications for the active landing gear application.
of the nme gear only, since results indicate that this has the

Landing gear dynamics are significantly nonlinear, so most of

t D. o.Vag Mme neperamma ,9f A ap..ies, VU.viefy etor 10tse. UK. the results are generated by time domain Analysis using
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numerical integration. Response to random runway excitation points distributed along the fuselage are used, plus rigid
is calculated in the time domain and power spectral densities aircraft motion parameters. Also available are airframe loads
(PSDs) of the response outputs are derived by Fast Fourier and landing gear loads, but the effect of the active landing
Transform. By running long enough time responses and gear system on these is not assessed. The locations of the
applying data smoothing the resulting spectra give the primary fuselage points for normal acceleration outputs are shown in
modal responses. These are used to give good indication of Figure 1. For feedback sensor placement any of the six
ride quality improvements from the active landing gear locations can be selected.
system, showing how it is distributed with frequency.
Response r.m.s. values are obtained both from the time 5. RUNWAY MODEL
histories and from integrating the spectra with respect to For the assessment of ride quality the runway model must be
frequency, depending on the particular requirement. The capable of representing both random profile distributions and
latter method is applied to selected frequency bands to discrete bumps. In each case the profile is stored in a data
evaluate the contributions from individual modes, array with uniform distance between data points and linear

interpolation between adjacent points. The data points are the
The software package used for the active landing gear studies vertical heights of the local runway surface relative to a
is described in Reference 4. It is organized as a series of reference datum. The spacing of the points is sufficient to
individual modules that correspond to the components and give an accurate representation of the runway profile.
sub-systems of an aircraft and landing gear. The user is able
to build up a comprehensive model by specifying the A random runway surface is generated from a sequence of
parameters associated with particular sub-systems and then random numbers with Gaussian probability distribution. This
linking them together. Once the model has been constructed is transformed by Fast Fourier Transform to the frequency
in this way, time response simulations representative of domain and filtered to conform to the required runway PSD.
various different situations can be accomplished. By choosing The runway spectrum used for this study is that described in
the correct standard of model the following scenarios can be Reference 5 for a paved runway and is shown in Figure 3.
simulated: Superimposed on this ideal PSD is the PSD of the random

I Drop i.sts for a single landing gear leg. runway surface generated from the white noise source.
Different random profiles can be generated if required, but

a Dynamometer iests. for the assessment of an active ride control system the same

i Whole aircraft touchdowns. profile has been used for all cases. This is particularly

i Whole aircraft braking tests including braking and necessary for assessment of peak responses.

anti-skid. The discrete bump model assumed is also taken from

n Take-off, including rotation, minimum unstick speed, Reference 5. The geometric parameters for the single and
lateral control, minimum ground control speed, etc.. double bumps considered here are given in Figure 4.

I Steering rig tests. 6. SYSTEM DESCRIPTION
I Whole aircraft steering manoeuvres. The landing gear system configurations considered in the

The aircraft and landing gear model used in this study has results are:
been constructed from the standard modules included in the s The basic aircraft system, with the damping orifice
package without any additional programming. Nevertheless, sized for the landing impact case, with no active control.
the software package has been modified for this study to
include the feedback control of the landing gear and to a A switched damping orifice system in which the nose
provide the outputs of normal acceleration along the fuselage, gear damping orifice area is reduced to a smaller fixed

value once the initial landing is complete.

4. AIRCRAFT MODEL I A nose gear with active damping control in which a
The aircraft model used for this study is of a typical reduced damping orifice area is modulated in a
commercial transport configuration, such as that shown in feedback control system.
Figure 1, with a conventional nose gear and main gear a A fully active nose gear with both active damping
arrangement. The mathematical model of the aircraft used for control and direct control of the oleo pressure from an
these studies has three longitudinal rigid body degrees of external hydraulic supply.
freedom, plus three airframe flexible vibration modes. The
aircraft model is linear, including the rigid aircraft In determining the correct strategy for control of the landing
aerodynamics adjusted for ground effect. The simulations gear, studies of simplified representations rre necessary toinitialized at a set speed and all the dynamic equations are ganafdmetlishtnotebhvouofcieygain a fundamental insight into the behaviour of actively
automatically trimmed prior to the start of a run. controlled landing gear. However, to restrict the volume of

results presented here only those derived from time responseThe landing gear model has the oleos represented in simulations of the full nonlinear aircraft model during ground

considerable detail. All mechanical, hydraulic and pneumatic roll are presented.

characteristics of the complete system are accounted for,
including the relevant nonlinear characteristics such as 6.1 Basic LandIng Gear System
stiction/friction, travel limits, etc., and tyres. Figure 2 is a The basic nose and main landing gears have static load vs.

schematic diagram of the nose and main gear oleo dfection ar ais a ndin gure 5. The vat

arrangement, showing the actuator that varies the damping deflection characteristics as shown in Figure 5. The variation
orifice area between the oleo segments. A control valve is along the stroke is dominated by the oleo gas curve, which has
shown in the figure for application in the fully active system. low stiffness at full extension, increasing to maximum as theoleo approaches bottom. To this characteristic must be added

The transition time delays are properly represented as the nose the flexibility of the tyres. Stiction and friction forces are
gear tyres and the individual tyres of the main gear pass over important in determining the oleo dynamics, particularly for
each point on the spatially defined runway profile. The small forcing amplitudes.
model is capable of inputting individual runway profiles to
each of the landing gears, but for this study a single profile is The basic landing gear system uses a passive damping method
applied at all tyres, i.e. it is assumed that there is no lateral in both the nose and main gear oleos. Damping is provided
variation of the runway profile. The tyre motion over the by hydraulic fluid flow through an orifice in the oleo between
runway profile is calculated using a *stylus model for the tyre two separate fluid chambers. Each of the basic aircraft oleos
radius, which ignores the actual geometry of tyre indentations has a shaped metering pin passing through the damping
due to the surface profile. orifices to tailor the damping characteristic with stroke. In

the nose gear oleo different damping is provided in
A range of output parameters is provided from the aircraft compression and recoil by a unidirectional flow device. The
model. For this study the normal accelerations at a set of six oleo damping orifice area for the basic aircraft is sized for the
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landing impact case. Typical variations of damping achieved by using an active control system on the nose gear

coefficient with stroke using this method are shown for nose only. This is confirmed by preliminary results, so the results

and main gears in Figure 6. given here focus on nose gear active control without further
consideration of use of the main gear.

6.2 Active Damping Control

The proposed active damping control system is designed as a Figure 8 also shows the normal accelerations at the six stations

modification of the basic system described above. It dispenses along the fuselage shown in Figure 1. These again contain

with the metering pin, replacing it with a position controlled strong evidence of the rigid body pitching and heaving

servo to provide modulation of the damping orifice area. A motions as well as the higher frequency structural modes. The

block diagram showing the active damping control scheme is relative amplitude of the structural mode response varies along

given in Figure 7. A damping curve similar to Figure 6 for the fuselage. To quantify the merits of the various possible

the basic landing gear cannot be drawn explicitly, because the active landing gear systems it is necessary to use spectral

damping is determined actively, varying with response analysis and the r.m.s. values of the relevant response
parameters rather than simply the oleo position, parameters. Figure 9 shows the basic aircraft nose

acceleration PSD, in comparison with cases with modified

The control algorithm provides a modulation of the damping damping orifice areas discussed below.
orifice size about a datum area to determine the damping
characteristic. Limits are set on the minimum and maximum These plots are shown on both logarithmic scales and linear

orifice openings. The approach adopted to develop the scales. The logarithmic plots are useful in showing more

control law is to modulate the damping force such that it clearly the response of all the modes for the full frequency

minimises the force acting on the aircraft as a result of range. The linear plots identify the individual modes of

irregularities in the runway surface. The cont. iller is interest more specifically, and since the r.m.s. is the square
arranged to modulate the orifice area proportionai to an root of the area under the PSD plot, this highlights the

airframe motion feedback. contribution to the r.m.s. made by each mode. The linear
scale plots are limited to 5 Hz, which is sufficient to show the

Since the damping force opposes the oleo closure velocity the important response peaks for passenger ride quality. The rigid
feedback to the damping modulation will be a nonlinear body peak at 0.9 Hz dominates the PSD and is well separated
function. For a given sign of aircraft feedback motion the from the 3.6 Hz structural mode peak, which contributes very

change in damping due to the modulation must act in the little to the r.m.s. response. The interpretation of this is

same direction. Thus when the oleo closure velocity reverses covered in more detail below in discussion of the effect of

the sign of the feedback must be reversed. This switching reducing the nose gear oleo damping orifice area.
with the sign of the oleo closure velocity is shown in the
block diagram of Figure 7. The direction of the switching 7.2 Switched Damping Orifice Areas

shown takes account of the sign conventions for the motions. Since the rigid body mode dominates the response and has low

damping, one possible method of improving the system is to

The model utilises the oleo closure velocity as described above reduce the nose gear oleo damping orifice area to increase the

to determine the switching logic for the control law, An damping force. The damping orifice area used in the basic

alternative to velocity is to use a pressure sensor to sense the system is fixed by the landing impact requirements and

pressure difference across the orifice. The orifice area control therefore cannot be changed for all phases of runway contact.

actuator is modelled as a second order lag, with an allowance However, it is possible to switch the damping orifice area to a

for other lags that may be present from digital processing, lower value once the landing impact is complete. Figure 9

feedback filters, etc., in a practical system. shows the PSDs of the normal acceleration at the aircraft nose
position for 70 ms"1 ground speed with two reduced damping

6.3 Fully Active System orifice areas in comparison with the basic aircraft case, which

For the nose gear System the active damping control function is shown in the time response of Figure 8. The two reduced

and the fully active system can operate in parallel, as shown orifice areas show progressively improved PSD values for the

in the block diagram of Figure 7. The fully active system rigid body mode at about 0.9 Hz. However, although the

uses an aircraft response parameter, e.g. fuselage acceleration, rigid body response is reduced the flexible mode at about

as the primary input to drive a flow control valve porting 3.6 Hz is increased.
high pressure fluid to the oleo. The schematic diagram of
Figure 2 shows how the service flow from the valve is Figure 10 draws further attention to the contribution to the

supplied to the lower oleo section, with the hydraulic supply r.m.s made by each individual mode by plotting the

and return connections. The valve is controlled in a position accumulative r.m.s. with frequency. This is the square root of

feedback loop and is assumed to be actuated by a separate the integral of the PSD curve of Figure 9 with frequency,

servo system. It is a single acting system, the return motion showing the build up of the r.m.s. as the frequency range

being effected by the oleo gas pressure. The oleo itself is being considered is increased from zero. These curves

effectively an actuator in this configuration. asymptotically approach the true r.m.s. value as frequency
increases, with further slight contributions from the higher

No assumptions are made about the source of the hydraulic frequencies beyond the range shown. The first sharp rise in

pressure. The valve flow is modelled to be sensitive to the the curves is due to the rigid body mode and this decreases as

pressure difference across the ports, so that the flow reflects the orifice area is reduced. The second rise is due to the first

the load being carried by the oleo. A supply pressure of flexible mode and this grows as orifice area is reduced. The

3000 psi has been used and this is assumed independent of size of each rise is compared in Figure II, where the r.m.s

demand. A second order lag is specified to represent the contributions of the rigid and flexible modes are calculated

dynamic lag of the valve motion, with an allowance for individually and plotted along with the total r.m.s. value as

additional lag due to feedback processes. the damping orifice area is progressively reduced. It is
evident 'that whilst the rigid mode response is considerably

7. RESULTS improved by reducing the orifice area the total r.m.s. is not

7.1 Basic Aircraft Response significantly changed, because the contribution made by the

Figure 8 illustrates the behaviour of the aircraft rolling at flexible modes is increased.

70 ms! over a runway with the spectrum shown in Figure 3. Since the human body response is sensitive over the frequency
The rigid body heave and pitching motions of the aircraft are range of both the rigid body response and the first fuselage
seen to be strongly coupled, and have low damping for this flexible mode the passenger comfort will not show significant
example of a large commercial transport aircraft. The nose improvement and there may also be an increase in structural
landing gear reacts to these motions, whereas the main landing fatigue by simply reducing the damping orifice area. Thus it
gear is seen to be held by stiction, and only moves a small is necessary to introduce additional system features which are
amount following breakout from this condition. This leads capable of modulating the nose gear characteristics dependent
naturally to the idea that improved ride quality may be on the structural response.
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7.3 Active Damping Control control system is operating, compared to the system with only
The primary reduction in rigid body response has been damping orifice area reduction. The individual contributions
achieved by reducing the oleo damping orifice area, but this of the two modes are plotted in Figure 17 for varying
has produced an amplification of the response in the first feedback gain. There are higher frequency modes in the
fuselage structural mode. Now active control of oleo damping mathematical model that contribute a small amount to the
is investigated to assess the potential for reducing the accumulative r.m.s., and for convenience this amount is
structural mode response while maintaining the improvement included with the flexible mode curve. Figure 17 shows that
to the rigid mode. increasing the gain progressively reduces the total r.m.s. value.

Most of this improvement is achieved with a feedback gain of
First the feedback of aircraft pitch rate is considered. 1000 mm2/g. Nevertheless, it will be seen later that when the
Figure 12 shows the PSD plots of normal acceleration at the response to runway bumps is considered, higher gain values
fuselage nose for pitch rate feedback applied to orifice area continue to give improvement to the peak responses, so a gain
modulation. In this case the orifice datum area is 100 mm2  value of 2500 mm2 /g is selected and this has been used for all
and the ground speed is 70 ms-1. As the feedback gain is subsequent results presented here.
increased the PSD of the structural mode reduces as required,
whilst the rigid mode PSD increases. Clearly this feedback So far the results have focused on the PSD responses of
will only provide limited modification of the system response. fuselage nose normal acceleration during a 70 ms-1 ground
The reason for this is that linking the damping coefficient to speed. Now the degree of the ride quality improvement along
the pitch rate has a similar effect to changing the orifice area, the length of the passenger cabin from the active damping
since damping force is related to pitch rate for a constant area control system is assessed at the same speed. Figure 18 shows
orifice, the PSDs of the normal acceleration for the six fuselage

stations of Figure 1. The basic aircraft case is shown on all
Another candidate parameter for feedback for the active plots for comparison. The response in the rigid body mode is
damping control scheme is pitch acceleration. This would most significant at the fuselage nose and tail due to the
ensure that as the forcing of the pitching motion increases, aircraft pitching motion, with a minimum in the middle
the damping force would increase to oppose it. Figure 13 stations just aft of the main landing gear location. The
shows the PSD plot for a system with pitch acceleration fuselage flexible bending mode shows the same effect, with no
feedback, again for a ground speed of 70 ms"1. The effect is visible response in the centre fuselage on these plot scales, as
seen to be similar to pitch rate feedback, but with a rather would be expected. The active damping control system
lower increase in the PSD of the rigid body mode. Both pitch reduces the rigid mode response at the nose and tail, with less
rate and pitch acceleration feedbacks are not pursued further reduction in the centre stations. The flexible mode response
in the results. is slightly greater than the basic aircraft case, as in Figure 14.

A more satisfactory feedback parameter is the normal The PSD results of Figure 18 can be used to generate plots of
acceleration sensed by a fuselage mounted accelerometer. This r.m.s variation along the fuselage for the 70 ms"1 ground
provides a direct feedback of the response which is to be speed. This is shown in Figure 19, with similar results for
attenuated. The location of the accelerometer can be chosen another five ground speed cases, from 20 to 85 ms-1. These
to give best performance for control of both the rigid body are all computed in the time domain as described in Section 3
and structural mode response, although for the results given and from these responses Figure 19 is produced, showing the
here the accelerometer is assumed to be located at the nose peak normal acceleration responses along the fuselage
gear station. Figure 14 shows the PSD of the nose normal encountered in the time histories. This form of presentation
acceleration response, for a ground speed of 70 ms-1. In this of the data gives a good summary of the overall performance
case the result is that the PSD of the rigid body mode is not of the active damping control system, as distributed along the
significantly affected, but the PSD of the flexible mode is passenger cabin. The maximum peaks and r.m.s. values occur
reduced almost to the level of the basic aircraft response case. at the fuselage extremities, with and without the active
This result gives a good system performance in terms of damping control system operating, although the distribution is
improved ride quality at the nose and is used in further flatter with the system than without. In some cases, mainly at
evaluation and development in later sections. rear fuselage stations, the peak and r.m.s. values areamplified, and further evaluation of these is required.

7.4 Fully Active System
So far a good result for ride quality improvement has been The same information contained in Figure 19 can be re-
obtained with reduced orifice area and active damping control plotted to produce Figure 20, showing the variation with
of the nose gear. A further improvement to the structural speed of the peak and r.m.s. responses at each fuselage station.
mode PSD may be achieved by incorporating normal This form of presentation shows that the system not only
acceleration feedback into a fully active system, based on the reduces the r.m.s. and peak responses, but also reduces their
additional high pressure hydraulic flow supply described in variation with speed.
Section 6.3 and shown in Figure 2. The best result obtained
in this evaluation of the fully active nose gear is given in 7.6 Runway Bump Response Cases
Figure 15, which shows that some improvement is possible to Although passenger ride quality is assessed here by normal
both the rigid body and fuselage flexible mode PSDs. The acceleration PSD response and r.m.s value it is desirable that
flexible mode response is now back down to the level of the the system should improve the response to individual runway
basic aircraft case of Figure 9. To achieve this result requires bumps of various shapes. Figure 21 shows summary plots of
a system which is significantly more complex than the active the reduction in peak normal accelerations as the feedback
damping control system discussed earlier. The additional gain is increased for the double bump of Figure 4, traversed
improvement from the fully active system is marginal and it is at 70 ms"1. The effect at six fuselage stations is shown. The
therefore taken no further. Subsequent results presented here reduction of the peak response continues with increasing gain,
are restricted to examining the performance of the active and a gain value of about 2500 mm5/g can be used. Higher
damping control system in more detail, gains than this have a tendency to saturate the orifice area

modulation system and are therefore undesirable.
7.5 Active Damping Overall Performance
Figure 14 shows the PSD of the fuselage nose normal Example time histories are shown in Figures 22 and 23.
acceleration for two feedback gain values. In Figure 16 this Figure 22 shows the basic system with the nose gear oleo
result is used to produce plots of accumulative r.m.s., starting damping orifice sized for the landing impact case traversing
from zero frequency, to highlight the Improvement in the the double bump at 70 ms-1. The rigid body motions are
flexible mode response from the active damping control excited as expected and exhibit low damping as before. When
system. The first sharp rise in the r.m.s. value is from the the active damping control system is operating for the same
rigid body response and the second rise is from the first conditions the system response is improved, a shown in
fuselage flexible mode. The contribution of the flexible mode Figure 23. The rigid body damping ratio calculated from the
to the r.m.s. value is much reduced when the active damping rate of decrease of the peaks Is improved from 0.13 to 0.27 by
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the active damping control system. The modulation of the the rigid body response is obtained by reducing the basic
damping orifice area about the datum area of 100 mm2 is also damping orifice area, but this increases the response in the
evident on this plot. In fact this shows the system increasing first flexible mode. The flexible mode response is restored
the orifice area during transition of the bumps to values above near to that of the basic aircraft level by the active damping
those of the basic system. control system.

8. RECOMMENDATIONS FOR FURTHER WORK Fully active control of the nose gear oleo is not required in
The results obtained in this study show that benefits in terms the example studied here to gain any significant further ride
of improved ride quality are possible using an active landing quality improvement, but it can reduce the flexible mode
gear. Since the system studied includes significant response to a level below that of the basic aircraft case. Other
nonlinearities the results have been obtained primarily in the structural vibration modes at higher frequencies are affected
time domain. This has been accomplished using a software by the system, but these have not been considered in the
package which is intended for detailed analysis of landing evaluation of the system. They are at fairly low amplitudes
gear dynamics. Further study covering the fundamental and are outside the frequency range normally associated with
analysis of the control law presented here and other possible ride quality.
schemes would be beneficial. Additional work is required so
that the control system design can be optimised for sensor The performance of the active damping control system has
locations, feedback gains and overall performance objectives, been evaluated for a range of aircraft speeds and for random
This would include the trade-off between the relative r.m.s. and discrete bump models of the runway surface. In general
contributions from the rigid body mode and the individual the peak and r.m.s. values of normal accelerations at all
structural mode responses. The higher frequency flexible passenger cabin locations are reduced. There are some regions
modes could be brought in if these are important. where the response is slightly amplified and these require

further investigation. Overall, however, the system
The system has been evaluated at a range of speeds, but a full performance is good enough to suggest that useful benefit can
ground envelope investigation is needed covering a wider be obtained from a relatively simple active control system.
range of aircraft configurations. The cases where the response
has been amplified in some regions of the fuselage needs to be ACKNOWLEDGEMENT
investigated. Of significant interest in further system studies The authors wish to express their thanks to British Aerospace
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ACTI[VE DAMPING AUGMENTATION OF ELASTOMECHANICAL SYSTEMS
USING PIEZOELECTRIC SENSORS AND ACTUATORS

by

Raymond Freymann and Edmond Stfimper
Institut Sup6rieur de Technologie (IST)

6 rue Coudenhove-Kalergi
L-1359 Luxembourg

Grand-Duchy of Luxembourg

Summary eigenfrequencies at 1.44 and 8.60 Hz by making use of an
overall number of 35 piezoceramic transducers as actuators and

It will be shown in how far use can be made of piezoelectric two piezo-polymer elements (PVDF) as sensors.
elements, integrated as sensors and actuators in a closed control
loop, to improve the modal damping behavior of This work was performed at the Institut Supdrieur de
elastomechanical systems. Focus will be pointed on some Technologie in Luxembourg and financially supported by the
special characteristics of piezoelectric elements, such as their Minist~re de I'Education Nationale of Luxembourg under
dynamic behavior, their energy transfer capabilities when project No. MEN/IST/87/002.
being used as actuators and their geometric filtering
possibilities when being used as sensors. The experimental part
of the work will concentrate on the active damping 2. List of symbols
augmentation in the low frequency range of a flexible beam-
shaped structural system with a total length of 4 meters. A m2  cross sectional area

B m height of a beam
C F capacitance

1. Introduction D m width of a beam

It is a well known fact that large space structures ,due to their Dr kg m2 /s modal damping factor

inherent low stiffness and damping properties, tend to execute Dr, kg m2 /s additional modal damping induced by
hardly damped structural vibrations in the very low frequency the active damping augmentation system
range once the platform has been excited, e.g. by the firing of E N/m 2  modulus of elasticity
an attitude positioning engine. These vibrations may adversely F N force
affect the operability of a variety of systems integrated in the H, H* transfer behavior of an electronic
space structure. This fact calls for the implementation of compensation network
additional stability augmentation systems in order to guarantee I m4  bending moment of inertia
the satisfactory operation of the space platform at any time. K m 2 gen d stiffnessKr kg m2/s2  generalized stiffness

According to this task a noticable research effort has been L m length of a beam
placed during the last few years in the development of damping Mr kg m2  generalized mass
augmentation systems for space structures [1]. One very Q C electrical charge
promising way to increase the structural stability consists in
actively damping the elastomechanical system by the forces Qr kg m2 /s2  generalized force
generated from piezoelectric elements, used as actuators in a U V voltage
closed control loop. The feasability of damping augmentation W N m energy
on the basis of piezoelectric actuating elements has already Y 1 , Y2 , Y3 , Y4  constant
been demonstrated by the experimental results from the b m width of a piezo-element
publications [2,3] , which appeared in 1979 and 1981, d m thickness of a piezo-element
respectively. But the real boost was only given lately to the d 3 1  m/V piezo-constant
piezoelectric technology by some of the major space programs e m distance from the neutral axis
(e.g. SDI and space station) calling for enormously challenging f Hz frequency
requirements with regard to their pointing, shape control and fC comer frequency
microgravity capabilities. The increasing number of recent
publications in this technological area clearly indicate the thus i A electric current

related problems and the progress achieved [4, 5, 6, 7]. j imaginary unit -

k N m2  amplification factor
It is the aim of this paper to add some new experiences and kACT N/V actuator sensitivity

ideas to the framework already existing in this technical field.
Thereby two main topics will be addressed. In a first part a kSEN V i sensor sensitivity
detailed description of some special properties of piezoelectric lSEN V/m sensor sensitivity per unit area
elements will be given. Focus will be pointed on their force- I m length of a piezo-element
strain characteristics, their adaptation to the elastomechanical A I i elongation
structure to be controlled in order to allow for optimum energy
transfer capabilities and finally their geometric filtering m kg/m mass per unit length

possibilities affected by the geometric shaping of the elements qr generalized coordinate

and their correct location on the basic structural system. The s I/s Laplace variable
second part will concentrate on the tests performed on an t s time
actively controlled beam-shaped structure with a total length of w0 in normalized deformation
4 meters and a mass of 2 kg. It will be shown in how far modal x m translatory coordinate
damping augmentation could be achieved in the two 9 strain
fundamental bending eigenmodes of the structure with
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W 1/s circular eigenfrequency

Or eigenmode

Subscripts and abbreviations

( )ACT related to the actuator (system)

( )H related to the intersection point

( )SEN related to the sensor
( )b related to the beam structure

()p related to the piezo-element Basi structure U

()r related to the r-th eigenmode

( )max maximum value of

d/dt derivative with respect to the time

( )" second derivative with respect to a
geometrical coordinate F F

3. Characteristics of piezoelectric transducers

The most commonly used materials for piezo-transducers are

* lead-zirkonate-titanate (PZT), Eiz Piezoelectric transducer

* barium-titanate (BaTiQ 3 ),

* quartz,
polivinylidene fluorid (PVDF). Since piezo-transducers consist out of electrically polarized

Typical sizes of ceramic transducers, which can be supplied materials, the electrical field applied to the elements must

by different manufacturers, range from 0,5 mm * 0,5mm * always be oriented in the direction of the polarization, else
0,2 mm to 110 mm * 110 mm * 60 mm. Thin layer PVDF depolarization could occur with the effect of a degradation in
transducers can be provided in very different sizes ranging the transducer properties. This entails that high voltages should

from 40 mm * 15 mm * 28 I±m to 300 mm width on a conti- only be applied in the negative voltage direction, positive
nuous roll of "endless" length with a film thickness of 110 pm. voltages must be avoided at any time. Accordingly, thedynamic operation of the piezo-transducer requires the

3.1 Basic equations dynamic voltage to be biased by a negative offset voltage.

Eqs. (2,3,4) were validated by experimental investigations
According to [81, the following equations can be formulated performed on different types of piezo-transducers. A fairly

for piezoelectric plate systems, if the transversal piezo-effect, linear force-strain behavior for a given input voltage U as well
with elongations vertical to the direction of the (applied) as a linear behavior Of Fmax and Emax as a function of theelectrical field (in_.•. 1 , is to be considered: a ierbhvo fFa n mxa ucino h

input voltage were determined (Fg.. 2). However it has to be
I mentioned that this linear behavior could only be produced in

(1) Q = CU+d3 ""F the case of negative input voltages. For electrical fields
appl .. '., which were oriented in the opposite direction of the

polarization (positive input voltages), a nonlinear behavior of
d31  U - - F , the piezo-element was experimentally detected. As a result of

S"d " b" d" Ep these investigations, Table 1 depicts some characteristic values
of different piezo-materials.

with C as the capacitance of the piezo-transducer, the voltage

U between the electrodes and the electrical charge Q, F as the - 6 106
force produced by the piezo-element with length I, width b and
the material elasticity modulus Ep, e denotes the strain and d31
the piezo-constant, which generally is of negative value.

In Eqs. (1) and (2) a is positive in case of an elongation of 200
the transducer, F is positive when a pressure force is exerted by
the element and U is positive for an electrical field which is
oriented to the grounded electrode. 0 o

From Eq. (2) it follows that the maximum values obtainable too

with regard to the force F and the strain e for a defined voltage

U are:

(3) Fraa, (U) - (F)e . 0m -b Ep d3 1 U ,0 1 0 40 -FtN

1 Ei• Vorce, trala ebhraterlutia of a plasehectc
(4) emax (U) - (e)F.0 4 .31 L U . tra soducer

d 4
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PZT naTl03 PVDF

d 3 1  [m/Vl -1so0 10-12 -45 10-12 -20. 1o-12 . .

ap IN/m21 8.2-10I0 12.7 1010 0.2.1010 i.ma0"
Fm..11 [NJ 23.8 18.1 2.33)

m280 , 10- 90 •10-6 720. 10-6

k 1kg/MS 1 1. 5s5• los 5.70o 1O 3 1.75 -• l 0.11

1) pleso-element with b.3,2 m at U.1 kV
21 pieao-ieament with d.0,5 mm at U.1 kV 0. 1.0 10 1.''

3) mmulti.layer film with an equivalent thickness of 0,5 mm at U, I kV C

Table 1: Typical data of piezoelectric transducers U"", I i1

3.2 ~Uin 0
3.2 Frequency response behavior of piezoelectric [dB)

transducers

Each change in the length of a piezo-electric transducer is
coupled to an electrical charge exchange inducing a current i. -10•
Operating a piezoelectric element as an actuator thus entails
that the high voltage power source, which is used to drive the I : -

transducer, must deliver a considerable electrical current if the 0.1 1.0 10 fl
piezo-element is actuated in the higher frequency range. Since
this current is limited in practice it follows that the Fie,4 Frequency response of a piezo-actuator
performance of the actuator will be reduced whenever a current
i, exceeding the limit current imax, is required. critical frequency fc, at which the limit current imax is

reached, is exceeded. Accordingly, if a transducer has to be
Generator] operated in the higher frequency range, it is of importance to

Wire strain gauge select an element with a low capacitance in order to reach a
Orn •correspondingly high value of fc.

Highvoltage• 3.3 Adaptation of the piezoelectric actuator for
2 optimized energy transfer capabilities

SizoThere is no doubt that if a piezo-element is used as an
transducer Amplifier actuating device, the transducer is supposed to transfer a

".1"considerable" amount of energy to or from the actuated
structure. As will be shown, this requirement entails a thorough
adaptation of the actuating system to the elastomechanical

SExperimental determination of the strain of an properties of the basic structural system.
unmounted piezo-transducer

The following simple reflections give an indication of theThis effect can easily be explained when considering an problem encountered. The energy W, transfered by the
unmounted piezo-transducer, operated as shown in Fig. 3. transducer to the basic structure along its elongation Al, can be
From Eq. (1) we can deduce with F a 0: written as

(5) i=dQIdt=C-dUIdt Al
(8) wa=f F.l -

This relation can be rewritten in the frequency domain as (

follows: 0

(6) 0=jWcoCU0 If the piezo-element is glued on a "soft" structure, so that its
extensional behavior approaches that of an unmounted, no
force creating element, than the energy transfered will bethe index 0 characterizing the amplitude levels of the nearly zero. This also applies to a transducer fitted to a "hard"respective quantities. This Eq. shows that the current i is structure, since even with the assumption of a high force level

directly proportional to the capacitance of the transducer and obtainable, the energy produced will be small due to the
the driving frequency. Moreover it follows from Eq. (2) with vanishing elongations.
consideration of Eq. (6):

To quantify the expressions of "hard" and "soft" the
(7) t 3l-d- id following experiment is performed. A piezo-transducer is

j7OC d glued on a bar, as shown in Ejg-j. The forces F created by the
element can be reduced to an equivalent loading set F' and M,

which indicates, as is also shown in fUj that the realizable with F = F' and M F " e, e being the distance from the median
values for the strain will drop by a rate of .6 dB/oct. if a plane of the transducer to the elastic axis of the bar.
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Beam structure t (12) Al =-- • F

IF Eb• B" D

/ [or

(13) e= 4 F

... _ Eb • B " D

Fr Plotting the relation existing between c and F, according to

Eq. (13), in an e/F-plot of transducer characteristics, as shown
Piezo-actuator [ in ELL -6 finally explains the situation. If a voltage is supplied

to the piezo-transducer, its strain and force levels will be

4"adjusted" according to the E/F-characteristic of the bar.

Al jM Accordingly a highest possible amount of energy

A/ CHj
(14) W= f F'dl=l. f F'de=

1 0 0

I f FH / EH e-de = 112 FH - H
f Forces induced in a structure by a piezo- 0

actuator

The bar, being subjected to the specified loading, will be can be transfered by the transducer if the area of the triangle
Thef barm , thusbentaiing subjectelongatin M the s i n il be O-H-FH, depicted in Fig. 6, is maximized. This situation is

transducer which can be formulated as realized if the point of intersection H corresponds to the central

point of the cmax/Fmax-line under consideration. Depending
(9) Al= (AI)F" + (A)M . upon the structural parameters of the bar, or of the elasto-

mechanical structure to be controlled, there may result a quite

In Eq- (9) "powerful" actuating element from the requirements mentioned
above. Practically this actuator can be realized or by one single
"big" piezoceramic element (with sizes ranging up to 110 mm

(10) (AI)F = F * 110 mm * 60 mm) or by a set of "smaller" piezo-elements,
EbL Ab connected to one another in a parallel circuit, to form an

actuating system.
denotes the elongation due to the pair of forces F' and

1" e2  Beam structure

Eb• Ib F F,_.....

the corresponding value related to the bending moment M.
Assuming a bar with a solid section of height D and width B, MY

we can write: Ib = 1/12" B" D3 and Ab f B" D. Furthermore,

if for the sake of simplification we put e w D/2, Eq. (9) yields:

F-0

Piezo-actuator

-- Eb . B . D

H

•'M)

Sl Forces Induced In a structure by a pair of
E" EnaeruV transfered by a plezo4ctuatOr oppositely activated actuators
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Remark: As was already mentioned, PVDF elements are available at
In the case where a pair of piezo-elements is fixed to both sides any arbitrary length. Accordingly, they may not only be used
of the bar, as depicted in F. thus creating a pure bending as "point sensors" but also as "area sensors" covering a
moment in the structure, the e/F-characteristic of the bar noticable portion of the structure to be controlled. As will be
changes - in comparison to Eq. (13) - to shown in the following, area sensors do offer further more

sophisticated possibilities to achieve modal filtering
6 characteristics.(15) e - F .

Eb• B" D Lets start from a beam shaped structure, hinged at both of its

ends to a support, as depicted in Eji."... Its free vibrations
This example demonstrates the importance of a thorough (eigenmodes) can be formulated in the form
consideration of the arrangement of the actuating piezo-
elements in all investigations in order to allow for an optimum x
"tuning" of the actuator configuration with regard to (16) Or(X) = wo sin r n (, = 1, 2, ..., N)
advantageous energy transfer capabilities.

This leads to the following expressior for the curvature
3.4 Geometric filtering (strain):

According to Eq. (14), a piezoelectric actuator can only x
transfer a significant amount of energy to a structural system if (17) r"W(x) = -w0  rL -l
both the actuator force as well as the local deformation (strain)
at the actuator location are high enough. In the case of modal = w0 " sin r-.
structural vibrations, we will find along a continuous structure L

areas with a minimum and a maximum of local deformations.
Placing the actuators in areas of maximum local deformations Using a PVDF sensor with width b, length I << L and a
will allow for a favorable energy transfer behavior whereas the sensitivity iSEN per unit area, we get the following output
location of actuators in areas of minimum local deformation
will minimize the energy transfer from the actuators to the voltage U from the sensor element if the sensorLis fixed to the
basic structure, bar at x = L/2:

Accordingly, placing the piezoelectric elements in areas with
a high local deformation in one particular eigenmode and a low (18) Ur = kSEN• b" 1" wo" {sin r" H12}

deformation level in "other" modes does allow an efficient
modal control of this particular mode under consideration with The expression in parantheses gives an indication of the
the further effect of "not disturbing" the dynamic response in relative modal feedback signal created by the sensor element in
the other modes. This approach of modal filtering is well the different eigenmodes (r = 1, 2 ... N N). From Eq. (18) it
known and has already been used in other applications [9]. follows:

U 1 = 1, U2 = 0, U3 =- 1, U4 = 0, U5 = 1.....
It is evident that the reasoning, outlined above for the case of This example indicates that, due to the positioning of the "point

actuator systems, also applies to sensor elements. But beyond sensor" element at the particular location x = L/2, all feedback
this rather simple geometric filtering technique, the piezo- signals in modes with pair numbers (r = 2, 4, 6, ... ) are
technology offers further modal filtering possibilities, nullified.
especially when piezo-polymer elements are used as sensor
systems.

b on 1 101
SPVDF'sens Beamstructure -10

bb.__ _ __ _ 0
17 12 13 14 15

Mode number
Zigenmodes Shape of PVDF elements Relative modal feedback

ZiL Modal feedback created by "point" and "area" sensors
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If an "area PVDF sensor" with width b and length L is now Transforming Eq. (20) from the time to the frequency domain
fixed to the structure, thus a rectangular shaped sensor element leads to
covering the whole length of the bar, we get the following
modal output from the sensor: (21) (-os2Mr+j0)Dr+Kr)qr=Qr

L (r1, Z ...=1 ,. ).

(19a) Ur = kSEN" b, wo" sin r Hi dx For the sake of simplicity only a single actuator and a single
f Lsensor system, being formed by piezoelectric transducers

0 1 attached to a beam structure (Fi_.9, will be considered in the
= kSEN. 21H bLwo {r(1 - cos r-)) following. According to [11], the generalized force Or

produced by the piezoelectric actuating system can be written

Again the term enclosed in parantheses gives an indication of as

the relative modal feedback signals which are as follows:
U1 =1,U 2 =0,U 3 =0.333,U 4 =0,U5 =0.200, (22) Qr =F'e'DrACTI ,

This result clearly shows, that the "area sensor" lowers the
feedback signal in the higher eigenmodes when compared to
the "point sensor". Thus, in a real control system, the PVDF F denoting the force induced by the piezoelectric actuator
sensor element, covering the whole length of the beam shaped system and (DA1 the curvature of the beam in the r-th
structure, will finally act as a low-pass filtering element. rACT

These filtering characteristics can be further pronounced if a eigenmode at the location of the actuator.
sensor element with variable width b = b(x) over its total
length is considered. For a sinusoidally shaped PVDF element Moreover, the following equations can be formulated to
of length L, as shown in Fig. 8, we can write in analogy to Eq. describe the transfer behavior of the feedback circuit:
(19 a):

NL (23) USEN =kSEN" - 20sSEN"* qsI

(19'0) Ur kSEN' WO" bsin n L " sin rII' dx s=N

0
the sensor output voltage is proportional to the curvature of the

IkSEN / 112 bLwo"" (1) for r = 1, beam at the location of the sensor,
=iS,- 112 bUwo" (sin (11- rrl) . sin (71 + rn)l

V�12" bw l (- rf l I+r J (24) F=AkACT"UACT
for r> 1.

the actuator force produced is proportional to the transducer
From Eq. (19b) we get the following values of relative modal i p::t voltage, and
feedback:

UI=I,U2=0,U3 =0 .... Ur= .. (25) UACT=H'USEN
Thus just a feedback signal in the first eigenmode is created by
this specially shaped "area sensor", entailing that all the other which defines the transfer characteristic of the electronic
eigenmodes will not be "disturbed". compensation network H.

This simple example clearly indicates just a few of the many
possibilities offered by PVDF sensor elements to create
filtering characteristics.

Having analyzed the basic properties of piezoelectric
transducers, focus will now be pointed on the dynamic Sensor Beam
behavior of active-controlled structures. structure

4. Generalized equations of motion of active-
controlled structures Actuator

According to [10, 11], the generalized equations of motion of
flexible structural systems can be formulated as a set of N
uncoupled equations of the form

(20) Mr 4r (W Dr 4r (O) + Kr ( q (t) - Qr (t) , I

(r = 1, 2, ..., I),

with Mr, Dr, Kr denoting the generalized mass, the modal
damping and the generalized stiffness of the r-th modal degree-
of-freedom, respectively, qr being the corresponding,

generalized coordinate and Qr the gemeralized external force. aSShemntlc control system layout
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following set of equations of motion in case of the active-

controlled structure:

(26) (-O32Mr + j w Dr + Kr - kW "r,,ACT %rSEN)' qr

N .
- k H "rACT 7 "s SEN qs = 0, (r =1,2, ...,N, Beam structure

s=1
sir

with

(27) k= e kACT kSEN

In the next chapter focus will be pointed on the layout of the
active control system with regard to the creation of damping
forces.

5. Control strategy

The aim to be followed consists in the active damping of so-
called "critical" eigenmodes. From Eq. (26) it can be deduced
that a practicable possibility to improve the modal damping
behavior of an r-th critical eigenmode consists in

a) achieving a transfer behavior H* of the feedback com-
pensation network according to Fi2, 10: Beam structure investigated

(28) H* w -jH/w

an overall length of 4 meters and a rectangular hollow section
b) to place the sensor/actuator pair at positions charac- of 50 mm x 30 mm with a wall thickness of approximately 1.1

terized by mm. The goal of the investigations was to increase the modal
damping related to the first and second bending eigenmodes
with eigenfrequencies at 1.44 and 8.60 Hz, respectively, by the

4r,ACT (r,SEN " Maximum implementation of two separate feedback loops. Both of the
control loops comprised piezo-ceramic elements as actuators

(29) 0 1 and thin layer PVDF transducers as sensors.
rACT s,SEN"> 0

The following sections focus on the layout of the active
damping control system.

Assuming that this can be realized, Eq. (26) can be
reformulated as

6.1 Modal parameters of the beam structure

(30) 1402 Mr + JO( (Dr + Dr) + Kr 'qr= 0, According to [10], the deformations in the bending

eigenmodes of a cantilevered beam structure are defined by

with
(32) 4r(x) = Y1 sinh - ar r xl1 +Y2 cosh ar•- xli

+ Y s + Y3sir' x/l+ Y4cos ar'x/4
(31) Dr =kH* 'rACT -r,MSEN

with

Eq. (30) clearly shows that - at least on the basis of pure sinh atr - Sin h r
theoretical considerations - an increase in the modal damping (33) YI = _Y3 =csh ar + Cos Cr
of eigenmodes can be achieved by the rather simple means of a
90" phase shift in the compensation network and the realization
of geometric filtering conditions [9, 12] in accordance with Eq. and
(29). It should already be mentioned here that these
fundamentals will be fully validated by the experimental (34) Y2 - _Y4 = 1
investigations to be described in the next chapter.

6. Experimental in vetllgaons the values of cr being: al = 1.875 for the first, Q2 = 4.694 for

the second and ot3 = 7.855 for the third bending eigenmodes
The active damping investigations were carried out on a (Fjgll which circular eigenfrequencies can be determined

vertically suspended cantilevered beam structure (fig. I with from i
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o" ,

SControl of Control of
c" 7 1st mode 2nd 'mode

o 0

000

- C I
0.0 0.1 0.2 0.3 0,4 0.5 0.8 0.7 ,. 0 1. .0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0o.8 0d.9 1.0

X/I. X/L

EiLUL Normalized elgenmodes of a beam structure Fie.12: Normalized modal curvatures
cantilevered on one side

The criteria for a best adaptation of the actuator system to the
beam structure, worked out in section 3.3, indicated that by an
in-line arrangement of 5 ceramic transducers 97 % of the

2 Eb'11 highest possible energy transfer could be realized.
(35) wr ar Accordingly, 25 transducers arranged in 5 rows were fitted at

mi - L4 the 21 %-L point for control of the first mode and 10
transducers, aligned in 2 rows, were arranged at 50%-L for

in denoting the mass per unit length of the beam. The control of the second mode. PVDF transducers with the size of
measured eigenfrequencies, which were in a good agreement 155 mm x 18 mm were used as sensors ig. 13).
with the calculated values from Eq. (35), were at 1.44, 8.60
and 24.0 Hz. The corresponding damping factors identified
were in the range of 0.58, 0.62 and 0.88 % of the critical
damping.

6.2 Sensor/actuator placement

In order to provide satisfactory geometric filtering Piezo-actuator
conditions, the sensors/actuators must be located in areas of the
structure which satisfy Eq. (29). Since the curvature of the
beam in the different eigenmodes is required for a closer
analysis, Eq. (32) is derived two times with respect to the
coordinate x, yielding: Beam structure

(36) r r(x) = (ar/I)2 [YI sinh ar x/I + Y2 cosh ar• xl1

- Y3 sin ar• x/I - Y4 cos ar• x1/].

The corresponding (normalized) characteristics are plotted in
.Fig.. With consideration of these results it was decided

to place the actuator/sensor pair for control of the first PVDF-sensor
bending eigenmode at 21 % of the overall beam length
L, say at 0.84 m downwards from the fixed end of the
structure,
to place the actuator/sensor pair for control of the
second bending eigenmode at the point of 50 %-L

The point at 21 %-L is characterized by a significant Fig,.I-I Plezoceramlc actuating system and PVDF esor
curvature in the first mode and a zero curvature in the second
mode. The non negligible curvature in the third cigenmode can
be regarded as being uncritical since, due to the rather large 6.3 Compensation network
frequency spacing, an efficient electronic filtering can be
realized. The same reasoning applies for the 50 %-L point In order to still improve the modal filtering yet realized by
which shows a high value for the curvature in the second the skilfull placement of the actuators and sensors (geometric
eigenmode, a zero curvature In the third mode and an uncritical filtering) additional electronic filters are generally fitted into
curvature amplitude in the first mode when reduced by means the compensation networkt. Typically, the implementation of
of electronic filtering techniques. low-pass filters reduces the excitation of higher frequency
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eigenmodes and band-pass filtering elements are a powerful 6.4 Test results

means for lowering the excitation of eigenmodes in the
frequency neighborhood of the modes to be controlled [9, 13]. In a first test the stability of the two control loops installed

was investigated by drawing open loop Nyquist diagrams [14].Fig. 14 gives a detailed information on the layout of the As a result, Fig. 16 depicts the plot obtained for the loop to
entire control system. The compensation network Fi. 15' control the first bending eigenmode. The pattern of the
was realized in analogous technique featuring excellent characteristic indicates a high stability of the active system
possibilities for an easy manual setting of the filtering element with no increase in the amplitude at the frequencies related to
parameters and the (numerous) amplification factors as well as the second and third eigenmodes of the beam structure. This
of sign reversals, indicates the high quality of the modal control achieved.

•U= - 600 a

iCgh voltage Voltage
J" power source limiter

ro U= -600 V Inverters,

depicted inltheenexttsection, featurePaaseuarefwave0shape

conro limiters ,lncseth0s08ev4os element [aelmtwrx1c0.e160es

181.3

Piez-acuato S 2 Bn -ps -A-7

1 0 -

1+ + filter S2"+/•

57 1.5.•0d

• -- Beam structure SI _Sf Low-pass 3 ! 2

the-Control loop h

SLayout of the active damping augmentation control system

Finally it should be mentioned that the ceramic piezo- A second test consisted in the determination of the modalactuators were all operated at an offset voltage of -6W0 V (see damping provided by the active damping augmentation system.
section 3.1) and the dynamic voltage changes were limited During this experiment the beam structure was one after
around ± 600 V. This is the reason why some of the time plots,
depicted in the next section, feature a square-wave shaped
control signal in case the set voltage limits were exceeded. Im

1.3

-5
1.6

Fig 16 Open loop Nyquist stability diagram related to
the control loop achieving the damping augmen,

Fig. IS* Electroic tompensstian network tation of the first bending eigenmode



30-10 1

Structural '

Response

""30 sec -. t .
Control
Signal ......

- 90--4--- OFF 90, -- OFF

Stru•ctural

Response

L,,=30 sec.-,J t
.o;.............. . ..... ....... .... .• ........ .. •

ControlS i n a MIR ........ .'........
Signal 900hL90 0+_9°- -90°.4 90-"4 -900-

Fig 1: Decay time plots

another excited in its eigenmodes by reversing the sign (180O
phase shift) in the feedback loops of the control systems
installed, which automatically entails the structure to become
unstable. The structural amplitudes having reached a
significant level, the control systems were or switched off or
sign reversed, which returns the structure into a state of
stability. Recording time plots of the decay curves of structural
vibration (Fig.- 7) allows an accurate determination of the
modal damping achieved on basis of the so-called logarithmic
decay criterion. The following modal damping values, related
to mode 1, were taken from decay curves in case of

the uncontrolled structure: 0.58 % of Dcrit
the actively damped beam: 2,7 % of Dcrit.

A similar increase in the damping factor --is also realized for
the damping control of the second bendi.ig mode at 8.60 Hz.

In a third test the beam structure was randomly exited by an
electrocynamic shaker in its relevant lateral bending direction
(E.ig.&J1). The vibrational amplitudes of the beam were Eiz18 Electrodynamic shaker used for the excitation of
recorded in the case of the switched on and switched off the beam structure

Structural -- • ' k . 'Al "
Response rv

Control __ •__ __ .. "

Signal

Control system 4L-ON -20FFI--ON-i-OFF 2 -ON-I--

Fa 1: Typical time plots obtained from tests with an external random excitatIou

S . . . . . . . .. . ... .. ... . .... ..... ... . .. .. ... .. . .. T . . . ... .. q- I - -. . -.~... . .
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control systems. A time plot of the results obtained is depicted 7. Conclusions

in Fig. I the corresponding spectra are shown in Fig• 2•.
Both of the figures clearly indicate the efficiency of the control It was demonstrated that the piezo-technology is a powerful
system installed, means to increase the (modal) damping of elastomechanical

systems. Integrated in a closed loop (active) control system,
With regard to the validation of the control criterion, piezoceramic transducers and PVDF elements, used as

described in chapter 5, which requires a layout of the actuators and sensors, respectively, can cope with control
compensation network with a 90" phase shift in the frequency- problems in the frequency range below 1 Hz. This statement is
neighborhood of the eigenmodes to be damped, the frequency of importance with regard to the application of the piezo-
responses of the compensation networks installed were technology for the stability control of large flexible space
experimentally determined. The characteristics obtained, which structures.
are plotted in Fie. 21 show that the 90" phase requirement has
been nearly fulfilled. It was shown that piezoceramic actuators, due to their linear

behavior, when fed with voltages which are not opposed to
their direction of polarization, are easy to be handled in

Second bending mode analytical and experimental investigations. In order to get a
"o /high efficiency of the actuator systems, however, special care

must be placed in the adaptation of the actuating system to the
elast'v-echanical properties of the basic structure to be

4 controlled.

a First bending mode Passive Focus was pointed on how PVDF "point sensors " and "areapassive g to sensors" can t : used as filtering elements in order to realize an
Actively damped optimum control of so-called critical structural eigenmodes

without affecting the remaining modes. This approach could
E entail further advantages, if applicable to "area actuating

systems" as well, requiring the availability of powerful (multi-

0 layer) PVDF actuating elements.1.44 Frequency [Hz] 8.60 I

Finally it can be assumed that a further boost could be given

Fig. 20: Power spectral density of the structural to the piezo-technology by some of the new developments in
deformations the piezo-materials-area, entailing the supply of these "new"

elements by a low-voltage power source with output-voltages
in the range of only 0,2 kV 115].
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control systems. A time plot of the results obtained is depicted 7. Conclusions
in Fie. 19 the corresponding spectra are shown in Fig.g20
Both of the figures clearly indicate the efficiency of the control It was demonstrated that the piezo-technology is a powerful
system installed, means to increase the (modal) damping of elastomechanical

systems. Integrated in a closed loop (active) control system,
With regard to the validation of the control criterion, piezoceramic transducers and PVDF elements, used as

described in chapter 5, which requires a layout of the actuators and sensors, respectively, can cope with control
compensation network with a 90" phase shift in the frequency- problems in the frequency range below 1 Hz. This statement is
neighborhood of the eigenmodes to be damped, the frequency of importance with regard to the application of the piezo-
responses of the compensation networks installed were technology for the stability control of large flexible space
experimentally determined. The characteristics obtained, which structures.
are plotted in Fig. 2 show that the 90' phase requirement has
been nearly fulfilled. It was shown that piezoceramic actuators, due to their linear

behavior, when fed with voltages which are not opposed to
their direction of polarization, are easy to be handled in

Second bending mode analytical and experimental investigations. In order to get a
high efficiency of the actuator systems, however, special care
"must be placed in the adaptation of the actuating system to the
elastomechanical properties of the basic structure to be
controlled.

First bending mode passive Focus was pointed on how PVDF "point sensors " and "area
sensors" can be used as filtering elements in order to realize an

Actively damped optimum control of so-called critical structural eigenmodes
without affecting the remaining modes. This approach could
entail further advantages, if applicable to "area actuating
systems" as well, requiring the availability of powerful (multi-

0 Flayer) PVDF actuating elements.
1.44 Frequency [Hz] 8.60

Finally it can be assumed that a further boost could be given
Fie 20: Power spectral density of the structural to the piezo-technology by some of the new developments in

deformations the piezo-materials-area, entailing the supply of these "new"
elements by a low-voltage power source with output-voltages
in the range of only 0,2 kV [15].
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SUMMARY mentioned above. For example, relaxed torsional stiffness may
result in control reversal; relaxed design margins may result in

Flexible wing technology has been explo-ed in a number of flutter in some parts of the flight envelope; and, some of the
design studies. Wind tunnel experiments generally affirm the structural modes may be high energy modes with potential
results of these studies that a flexible, variable twist wing holds attendant structural life and even flight safety concerns. The
the potential for dramatic air vehicle performance use of active control to provide structural mode damping and
improvements. However, the attendant control reversal, flutter suppression continues to be considered a means of
increase in control parameter nonlinearities, and the need for achieving weight reduction.
an active control system to suppress flutter has discouraged the
application of this technology in production designs. Integration of active control with the contemplated new
Advancement of a robust control capability for damping stroctural design approaches may provide an effective means of
structural modes; embedded sensors to provide required inputs realizing the sought after weight reductions. Even though
to the control system for active flutter control and, possibly, active control applications have been previously explored and
battle damage tolerance; high-speed on-board computation; and successfully applied, control system robustness concerns due to
other technologies promise the capability to exploit the benefits reduced separation between rigid body and structural modes;
promised by more flexible structures. Current proposals to significantly increased modeling uncertainties; and flight safety
reduce air vehicle structural weight are briefly reviewed and concerns previously combined to discourage the flight control
implications on the control system are assessed. Even though community from agreeing that these issues could be dealt with
control system concerns exist, they are resolvable and it may be effectively within the other existing air vehicle design,
timely to undertake the development and demonstration of an manufacturing, and affordability ground rules. However, recent
actively controlled flexible wing. developments in control technologies and system integration

capabilities seem to have potential for easing these concerns
1.0 INTRODUCTION and contributing to a dramatic decrease in the air vehicle's

weight.
Current and future tactical mision scenarios are placing
greater emphasis on improvements in air vehicle agility Key control technologies include multivariable, adaptive, andcombined with increased payload, range, time on station, and nonlinear control designs and parameter identification

low vehicle signatures. These sought after aircraft capabilities methodologies. When applied to structures with embedded
require an overall weight reduction to provide the necessmy sensor. and effectors, these methods have the potential to
increases in weapons carried, fuel capacity, and significantly reduce the structural weight required to handle
maneuverability without diminishing overall air vehicle flutter and maneuver loads on the vehicle. These new design
performance. methodologies alo allow um of unconventional control

effectu such as thrust vectoring and reversing, vortex control
The need for lighter weight structures motivates a wide range and split surfaces, in a manner that permits smaller and lighter
of innovative work in structures and materials, such as conventional surfaces, resulting in an overall reduction of
composites and advanced metallics. Curently, light weight aircraft weight.
stuctures, vehicle management systems, and the integration of
innovative control effectors, such as vortex burt control, ar Similarly, integrated, photonics based, vehicle management
the air vehicle elements with the greatest potential for weight systems offer substantial weight saving by eliminating many
reduction. Relaxed wing torsional stiffness, relaxed flutter subsystem oamponnts and by replacing the relatively heavy
margins, and relaxed sructural design margins ae some shielded copper wiring throughout the aircraft with lighter
specific examples of weight reduction approaches under weight optical fibers. In addition to weight savings, photoacs
consideration. offers improved elctro magnetic interference (EMI) immunity.

Subsystem integration offers synergism benefits as well as
Usually, a change in one ara of air vehicle design propagates vehicle and subsyatmn improvements in perfornance.
into other design armea. Such is also the cae with the reliability, maintainability, and life cycle costs.
contemplated structural weight reduction approaches
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This paper presents a control techmologist's perspective on the 2.1.1 Wing Torsional Stiffness
implications of structural stiffness reduction and other
approaches to weight reduction, the opportunities and Wing structures of today's aircraft are designed to ensure
challenges they pose, and the potential future direction of torsional stiffness so that wing twist is minimized and
active control applications to flexible stuctures. Air vehicle sufficient control power is maintained throughout the flight
elements with high potential for weight savings and the envelope. If torsional stiffness were not added, the aeroelastic
possibilities for capitalizing on these savings are presented in twist caused by trailing edge control surface deflection would
Section 2.0. Section 3.0 addresses the control system, the twist the wing in a direction which reduces lift and thus the
additional functional requirements which may need to be rolling momenL This is illustrated in Figure 1. To ensure
incorporated to provide active control of the structure as well as control power, a combination of increased surface deflection
the air vehicle, and briefly considers control technology and torsional stiffness is used to preclude control power loss.
readiness. Our conclusions are presented in Section 4.0. This results in a heavier structure and requires larger control

actuators and power, again adding to total aircraft weight.
2.0 AIR VEHICLE WEIGHT CONTRIBUTORS

The weight of the wing structure could be reduced on future

The takeoff gross weight of a manned aircraft includes the fuel aircraft if wing twist weft exploited using advanced control
fraction, payload, structure, systems, and many other elements, methods. For example, leading edge control surfaces may be
This paper considersonly those air vehicle weight contributors used to obtain an optimum camber for maneuvering and cruise
with the highest potential for weight reduction through or to offset the torsional deflection caused by the trailing edge
application and integration of advanced control: airframe controls. However, the effectiveness of leading edge surfaces,
structures, vehicle management systems, and innovative control as control effectors, is small. If the wing flexibility were
effectors. The weight reduction potential in each of these areas increased by removing the stiffness material and designing the
is addressed in the following subsections. wing for strength only, leading edge control effectors would

have significant control effectiveness, particularly at higher

2.1 STRUCTURES dynamic pressures.

Aircraft structures must endure the cumulative effect of a With relaxed torsional stiffness wings, large variations in
variety of takeoff, landing, maneuver, gust, and other flight control surface effectiveness can occur with flight condition,
loads. The structures on today's aircraft am designed to support even resulting in control reversal at high dynamic pressures, as
these loads, with appropriate design margins, through the illustrated in Figure 2. By implementing a control system
physical strength of the structural members. It may be pratical design which accounts for these control effectiveness
to significantly reduce the total weight by applying adaptive, variations, adequate control power can be maintained to meet
integrated, multivariable control techniques to the control and the maneuverability and agility requirements. To meet the
management of the vehicle structural members and control commanded roll rates, an advanced controller which blends and
effectors. Additional weight reductions may be obtained prioritizes the use of leading edge and other available surfaces,
through structural integration of airframe, engine, and exhaust according to the effectiveness of each at the present flight
nozzle components. condition, may be required.

-TORSIONALLY STF STRtUCTURtE ASSUR ILERON EFVETIVNFE
. RVAD TOIt~ONAL STFVU AFET AILERtON IECI•IIVENIFSS

- MOMENTr DUE TO CONTRtOL SURFWACE DFILE.C1[ON TWISTS WING, REDUCING LIFT
- AT SOME DYNAIUC FRUSUE CONTROL REERA MAY OCCUR

FIGURE 1 - AILERONI AND FLEXIBLE WING INTERACTION
avo
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FIGURE 2- CONTROL SURFACE DEFLECTIONS FOR MAXIMUM ROLL RATE OF A RELAXED
STIFFNESS WING

2.1.2 Structural Strength for Loamd Carrying Capacity Alma, innovative use of alternative control effectors could be
reie on to ensure that win& bending moment and other

Active control of the vehicle and structure to niaintain loads structural limits are nom exceeded if the proposed wing leading
within limits is another weight reduction alternative. That is, edge effecatora can not fuly mneet the maneuvering control
rather than adding material to provide structural strength for powe requirements. Thirust vectoring and body flaps are only
the maxmumn expected ultimate load active control could be exampl, alternative control effector that should be considered.
employed to maintain loads within specif ic limits. These liifts
could vary with fuel load, weapon s- re, and flight condition. Wind shear, gust, and turbulence loads are of concern and may
Additional limiting could also be implemented in the event need to be actively controlled in relaxed stiffness structures.
battle damage is sustained or structural fatigue or other The use of look ahea lase sensors to detect wiree and other
&aifram stress limits an dutected. obstacles is being explored extensively. Similar technology

could be used fbt air data sensing to charactedir the gust and
One suggessed appeoach for sensing loods and detecting turbulence, of the air mans ahead of the aircraft. These ddat
structural damag is to embed strain gages in the aicrafts skin would then be use to provide appropriate load control
or structura members. This would provide feedback to the repnses before the gusts or turbulence are encountered. A
flight control system ma that maneuver loads would be logical extension of this dynamic loads control function would
controlled up lo, the structural limits with acceptab* low risk of be to use the combined set of structural loads and air mass

q ~~exceedance. FRgure 3 ilustrates a recen application of behavior data to control the accelerations at the pilot station
maneuver load control where an accelaeroee was employed and provide improved Mie qualities.
to maintain wing pivot bending momsent at or below a specified
level. Use of acceleration data combined with structural load 2.1.3 Structural Sftiles for Flutter Suppression
dama hold significant promise and are of interest to both the
structures and flight control engineers as well as air vehicle AbIrrame weight may be furthe reduced by relaxing the

des~~gners.w diffestht is typically included in the structure to preclude
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FIGURE 3 - MANEUVER LOAD CONTROL REDUCES WING PIVOT BENDING MOMENT

flutter. One suggested approach is to employ a distributed nozzle interface gaps. A variant to the airframe integrated
network of embedded sensors throughout the vehicle structure, nozzle is an airframe mounted nozzle. In this approach, the
in conjunction with adaptive multivariable control techniques, nozzle would be mounted to an aft structural cross member that
to suppress flutter of the relaxed stiffness, reduced weight also distributes airframe to empennage loads. This structural
structure. This distributed sensor network would provide the approach promises weight savings as well as advantages in
data necessary for real time identification of flexible mode maintainability and supportability.
frequencies and shapes, and would be used to close a control
loop with adaptive feedback gains. The potentially large 2.1.5 Conceptual Design Study Results
number of feedback sensors and actuators is likely to require
some development and maturation of multi-input, multi-output To quantify the potential benefits of relaxed stiffness wings,
control system design methods. Existing methods have the three different wings were designed for different stiffness
potential of being extendible to deal with added control requirements and their weights were calculated. These studies
requirements. Also, new design methods which promise focused primarily on exploitation of active control technology
improved capability to deal with complex control system to solve the aileron control reversal problem and relied on wing
nonlinearities are emerging. twist and deflection to provide the control power desired.

2.1A Engine Exhaust Structural Integration For the actuator comparison, control power requirements were
defined in teras of actuator hinge moment and hydraulic power

Today, exhaust nozzles at structurlly supported by the requirements. Table I presents a comparison of hinge moment,
engine. Loads from adjacent empennage surfaces are usually actuator weight, and hydraulic horsepower required at
taken out forward to the first crossbody frame well ahead of the maximum surface rates for the baseline and most flexible wing
nozzle and airframe interface. A more efficient, lower weight designs studied. The study used surface deflections required to
load path would take advantage of nozzle structure to bring the meet roil performance requirements specified by widely
loads more directly into the airframe. This strocural accepted design criteria and showed that significant reductions
integration may also have a favorable impact on aerodynsmics in actuator weight and power could be obtained with a more
by reducing the crm section area around the nozzle structure flexible ving.
and on radar observability with elimination of the airrame to

41", . .
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TABLE 1 - ACTUATOR REQUIREMENTS

BASELINE WING DESIGN WITH STIFFNESS ACTIVE FLEXIBLE WING

HINGE ACTUATOR HYDRAULIC HINGE ACTUATOR HYDRAULIC
CONTROL MOMENT WEIGHT POWER AT MOMENT PER WEIGHT POWER AT
SURFACE PER (L) MAX RATE SURFACE (LB) MAX RATE

SURFACE (P) (IN-LI) (HP)(I-LB)
INBOARD 0.99RI06 176 132 o.172xi06 19 14
"TRAILING

EDGE
(2 PER AJC)

OUTBOARD 0.49z10 6  80 39 0.155,106 is 14
TRAILING

EDGE
(2 PER A/C)

INBOARD 0.20z1O6 20 16 0.172z106 19 14
LEADING

EDGE
(2 PER W~

OUTBOARD 0.181x06 19 14 0.172z106 19 14
LEADING

EDGE
(2 PER WRI

TOTAL PER 590 402 50 224
A/C

KEY: IN: INCH A/: AIRCRAFT MAX-MAXIMUM

LB'.POUND IP HORSEPOWER

Benefits of actively controlled flexible wings were further presented: stiff wing, relaxed stiffness wing without maneuver
explored ID quantify air•raft taeoff gros weight (MOW) load control, and a relaxed sTiffness wing with active load
reductions by using the structural and sysem wigt changesa control. When combined with the actuator weight savings. as
well as estimates of flexibility effects oa drag due to lifH The seen in Figure 4, the potential benefit of relaxed stiffness
resulting savings in structural weighWt frA these analyses e technology based design is estimated to be a 15-30% TOGW
presented in Table 2. Three design analysis points we reduction

I
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TABLE 2 - WING DESIGN COMPARISON

DESIGN STRUCTURAL BOX WEIGHT CONTROL SYSTEM IMPLICATIONS
_OUNDS/SIDE)

CONVENTIONAL
TORSIONAL STIFNESS FOR 1545 BASELINE DESIGN
ROLL EFFECTIVENESS

RELAXED TORSIONAL - STRUCTURAL MODE COMPENSATION
STIFFNESS WING 563 - CONTROL REVERSAL

- EXTENSIVE PARAMETER NONLINEARITIES

RELAXED TORSIONAL ABOVE PLUS:
STIFFNESS WING WITH 345 - ACTIVE FLUTTER CONTROL
MANEUVER LOAD - LOAD CONTROL SENSORS & ALGORITHMS
CONTROL & ACTIVE - PRECISE, WIDE BANDWIDTH ACTUATION
FLUTFER SUPPRESSION

iNCREAS

t CURRENT TECHNOLOGY
P Rta --- --------- (CONVENTIONAL PLADURM;
CHNSGF 811F WINM; HORIZONTAL TAIL)
N TAKEOFF

GROSS WEIGKT

I MANE4NAUMER LOAD CONTROL"-

DECRVEAE

"•) • I AmWm R.Urn

INCREA IN WINO PLEXUILS -

FIGURE 4 - FLEXIBLE STRUCTURE REDUCES TAKEOFF GROSS WEIGHT

2.2 VEHICLE SYSTEMS subsystems of the VMS to reduce the number of components
and intesonxnections, thus reducing their weight and increasing

The contemplated on of embedded load and other sensors and their petfosmanc.
fiber optic signaling to provide structural and other feedback
data to the flight control system merges well with the interest The use of fiber optics would also reduce the susceptibility of
in fiber optics to reduce the weight of the vehicle management the VMS to EMI by replacing the electrical power and signal
system (VMS). Two approaches may be employed to reduce wires connecting sensors, control effectous, and cockpit
the weight of the VMS using fiber optics. The first is to displays with the computers. Fiber optics would also avoid the
replace all electrical data transmission wires and low wattage need to enclose the entire system of sensor and effector signal
power lines with optical fibers. The second is to integrate
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paths and data buses with braided shielding, eliminating a aerodynamic controls. This requirement is the major driver for
large source of weight. both balance and horizontal tail size.

As systems become mens integrated and moms complex, the These requirements, when coupled with low observability
amount of data transmission and thus the amount of shielded requirements, as exemplified by current designs, tend to result
wires increases. This is particularly evident in structurs in increased tail sizes. Fms must be located at larger cant
designs in which motion and load sensors would be distributed angles than would be desirable from a strictly aerodynamic
over the entire airframe, each requiring signal wiring to connect standpoint. Also, the aggressive maneuvering needed for good
an individual senor to data processing units or to remote bus agility requires very effective yaw and roll control devices.
terminals. With the introduction of photonk based control This results in large rudders and wing roll control surfaces,
systems for vehicle management, the weight penalties attendant thereby increasing weight.
to the incorporation of structural sensors would be significantly Future tactical aircraft will take advantage of emerging
mitigated. Industry studies comparing fly-by-wire and technologies in aircraft design, strucntms, materials, and
fly-by-light VMS equipped aircraft show that the weight control, some of which am currently under evaluation on
savings range from 700 pounds for a fighter aircraft to as much models and on test aircraft. For example, thrust vectoring in
as 4000 pounds for a transport aircraft. pitch may be used to aid high AOA recovery, to allow further

aft balance, thereby reducing trim drag, and to supplement
Integration of the various aircraft subsystem control functions pitch control during high AOA roll maneuvers. Horizontal tail
into a single integrated vehicle management system may size may be reduced, resulting in an overall weight saving on
produce additional weight savings. To a limited extent, this the aircraft The benefits of combined pitch and yaw thrust
approach has been employed on some recent prototype fighters vectoring ae being evaluated on the X-31 and F-18 HARV
and extensions appear feasible. Traditionally, flight critical (High Angle of Attack Research Vehicle).
systems are designed as a family of independent systems, each
having its own sensors, effectors. and computing sites. Other emerging control technologies include vortex burst
Integration of control functions into a single system, both control, wing leading edge control surfaces, and split trailing
functionaly and physically, promises savings in weight due to edge controls. Asymmetric movement of vortices by forebody
reduction in the number of subsystem components and strakes or blowing to generate yaw control has been studied for
interconnections. Additional fuactional integration benefits may some time in wind tunnels. This concept has the advantage of
be gained in maintainability, reliability, and performance. providing control at high AOA, where conventional rudders
Physical integration would eliminate components by sharing lose effectiveness, thereby reducing rudder and vertical tail
sensors, processors and buses, and reduce electrical power size. Forebody blowing has recently been flight tested on the
distribution and cooling requirements. Also. weight savings X-29. Both forebody blowing and moveable strakes will be
may result from integration of the electrical and hydrui evaluated on the F-18 HARV airplane.
power subsystems into a more electric aircraft when much of
the hydraulic plumbing and engine power extraction hardware Wing leading edge controls improve agility and high AOA
may be removed from the aircraft Another example is the stability when deflected symmetrically, thereby reducing
integration of the separate environmental control and fuel empennage size. The same controls deflected asymmetrically
subsystems into a single thermal management system utilizing will aid roll control at high AOA by controlling flow
an integrated closed environmental control system optimized to attachment, and at high speed, by using wing flexibility to
minimize bleed air and power extraction loads on the engine, distort the wing and provide roll control
These integration concepts am currently being explored
aggressively. Split trailing edge controls can be used for yaw control, thus

reducing or eliminating the need for vertical surfaces and
23 CONTROL EFFECTORS thereby greatly enhancing vehicle signature. Split surface

effectiveness is very nonlinear with deflection, necessitating
Flying qualities requirements of current and huow. tactical nonlinear surface control.

Sairraft result in stringent requirements on the center of gravity
placement and control surface sizing. High agility design Soal Low obuervability requirements may place additional

* result in the need to rapidly maneuva, resulting in the need for constraints on stability, control, and flying qualities design.
powerful control surfaces, dfective to what, today, we would Currently, vertical and horizontal tails provide control power.
consider high angles of attack (AOA). Fuew, currnt design Tailless designs we being proposed to decrease signature
philosophy requires that the aircraft be essily contable to h tics, with yaw control for stability and maneuvering
high AOA and be able to reove from upsets using only provided by thrust vectoring, split surfaces, and vortex controL

11
- -. ,t
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3.0 CONTROL SYSTEM IMPLICATIONS stinneus and battle damage tolerance. The structure of the
control system would become somewhat more complex since

3.1 CONTROL SYSTEM STRUCTURE more senson and, possibly, effectors may be required. For
example, inclusion of battle damage tolerance could require

A top level control system representation for an advanced rapid identification of the extent of the damage, determination
fighter aircraft is shown in Figure 5. TIhi control system of still usable control effectors, estimation of control
consists of multiple control loops, is highly integrated, and effectiveness, and even control law restructuring.
provides many cross paths, which me not explicitly shown,
between sensors and effectors. This multiloop, highly The key to choosing an appropriate control structure is to
integrated design approach is required to allow the aircraft to understand the physical process to be controlled. How
meet the large number of performance requirements and nonlinear am physical phenomena? Are the sensors and control

provide the control modes required in a high agility combat effectors available to effect the control function under
aircraft For example, blending of thrust vectoring with consideration? Ate the sesm accuracies and response times
aerodynamic control may be employed at high angles of attack consistent with the dynamics of the control function? Much
to ensure sufficient pitch and lateral and directional control progress has been made under the Advanced Technology Wing
good maneuverability in all control axes, and departure (ATW), B-52 Load Alleviation and Mode Suppression (B-52
resistance. Typical pitch axis control effectors are the LAMS), and other research programs in developing an
horizontal tail, pitch thrust vector, symmetric trailing-edge understanding of the characteristics and interactions of
flaps, canards, and leading-edge flaps. Typical lateral and structural modes and aircraft attitude, propulsion, and
directional control effectors include differential trailing-edge maneuvering control functions. This work enables the control
flaps, rudders, nose yaw strakes, and yaw thrust vector angle. system designer to develop a sufficient understanding of
The control system, by appropriately blending these multiple flexible structure control dynamics and move towards the
effectors, enables the pilot to maneuver the aircraft as required, incorporation of flexible structures in operational aircraft and
but presents a design challenge for selecting the control laws, contribute to the realization of potential weight savings.
control parameters, and gains to ensure the required Development of this understanding will require a cooperative
controllability and flying qualities over the full flight envelope, effort of structures, control materials, aeromechanics, and

other technologists. It is hoped that the remainder of this paper,
Existing, demonstrated control systemn design capability gives which focuses on principal enabling controls technology maes,
confidence that controls technology can be matured to permit would continue to expand the dialogue as we consider the
addition of the control requirements posed by relaxed structural various options for advancing the capability of combat aircraft
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3.2 STRUCTURAL AND FLUTTER MODE MODELING dynamic loads. The more sensors that are available, the greater
the potential for rejection of unwanted modes, or modal

To exploit the potential of flexible wings, either new or selectivity. However, each new sensor introduces potential
improved fidelity models of stuctural parameters and failure modes as well as some maintenance and repair
phenomena must be included in the total air vehicle model used concerns. Therefore, it will be necessary to minimize the
for control system design. These include aeroservoelastic number of additional sensors and demonstrate, through
models of the entire aircraft flutter suppression and load analyses, design tests and flight validation, that the weight
control sensor network responses, dynamics, and noise models; reduction capability is enabled by an affordable control system
and the characteristics of the effector used to control the implementation.
parameter of concern. Integration of these models in the total
air vehicle design process will also be required to ensure Equally important is sensor location, which is a compromise
control power for structural mode stabilization and between often conflicting sensing, maintenance, and other
Maneuvering. requirements. Sensor location for active structure and flutter

control laws may not necessarily be the best when considering

Successful control law designs for active contol of flexible additional requirements. To minimize the total number of
modes may require highly accurate finite element modeling sensors required, the flexible vehicle model will need to be
methods and controller design methods that ae robust, i.e., quite accurate relatively early in the total design process. This
insensitive, to modeling erors. For feedback control purposes, model will need to enable sensor location selection,
the modeling accuracy required in a structal model, such as a preliminary control structure formulation, and failure mode
finite element model of flexible mode frequencies and mode analyses and safety assurance.
shapes, is likely to be much greater than that needed for stress
analysis only. For example, in applying active control to flutter 3.4 CONTROL ALGORITHMS
suppression, a small error in mode shape node location can
change a transfer function's phase by 180 degrees, driving a Several relaxed stiffness structure control algorithms need to be
feedback system unstable. developed and demonstrated. Some specific examples include

maneuver load control algorithms using distributed structural
Near the wing control surface effectiveness reversal point, roll load sensing; active flutter control throughout the flight
control may depend on alternate effectors such a differential envelope; red time control parameter and structural mode
thrust vectoring, tails, body flaps, or vortex control. Thus, identification; and damage tolerance.
control system design will also require integration in the
aerodynamic database the effects of structural flexibility, By forming a uaghted sum of the sensor network signals, with
possibly obtained from flexible wind tunnel models or weights corrsponding to the shape vector of the flexible mode,
computational fluid dynamic models, to mor accurately the controller would develop feedback signals proportional to
represent the aircrafes characteristics, one mode's excitation with minimal interference from other

modes. This permits increa•d loop gain and acive damping

In the Active Flexible Wing program, the aeroservoelatic level achievable without destabilizing the other structural
model used had 10 symmetrical modes, 10 ani-symmetrical modes. This "spatial filtering" approach contrasts with
modes, 4 aerodynamic lags, third order actuator models, and a traditional "temporal filtering," which separates modes based
first order rigid body roll mode. -There wre 10 control surface on their frequecies and possibly inrodcing phase lags which
deflection and turbulence inputs and 52 outputs in terms of may destabilize the feedback loop.
acceleration, loads, surface positim, hinge moments, and
others. This linear, 172 stat aeroservoelastic model benefited It may not be practical to use existing control law stutures
from two wind tual entri and ground vibration tests to tune became the physical processes tend to be highly nonlinear and
and correlate iL This experience is cited primardly to underline time varying. In addition, self-repair capability and damage

ite point that at vehicle flexible mode models w somewhat tolerance may require new gains subsequent to battle or other
complex and require time and significat racm to develop, dama to the stouctir or control effectors.
However, the time and technical reaomuss mquled to develop
the needed high fidelity stcu and erodynamic models to Adaptive conrol, in combination with distributed sensing, may
support engineering decisions in simultaneosly matching be a scefu approch to active modal damping. since the
loods. aodynamics, &t frepquecies, Sutr dynamic required gains may be sesiive to the mode shape. which can
pressures and dedeci shapes, and rl adgorftm dign chane significantly and raply with flight conditio•n,
appear to be commensurats with the time and unes weight, and b dumag While a potential dawbwk of
required to develop the satucte itsef adaptive conuatl is the difficulty in proving that the adaptive

gain will never came inabilIty, such systems do offer
33 STRUCTURAL MODE CONTROL ShNSORS snificat pufmuam advanitags. As an alternative to

adaptive ceoo qappliction of pastme identficati
Networks ofvery smal l gbwei motion ssors dimiribted zalgithms to flexible socraesm to idsest, In tl time, the
over the inuce h, mo b a sain Sage or aMncml arum s flexle m&de feqmeces and mode shapes as -es by the
embedded le o affbwd tthe s M cc souetm may play a netwerk of disbted sena s holds significant promis,
crucial tab in endsifg obvs acetve, of ihaterend
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33 CONTROL COMPUTATION AND SIGNALING 34 CONTROL ACTUATION

3.5.1 Control Computateod Increased reliance on leading edge effectors, innovative force
and moment generatinr, such as vortex burst control, or

Integration of maneuver, stabilization, load, and flexible increasing the number of control surfaces by splitting the
structure control now appears practical due to the advances in leading or trailing edge surfaces into independent sections,
microprocessor speed and memory capacity and demonstrated have benefits for active control similar to increasing the
capability of digital flight control. Digital fly-by-wire control number of sensos Sending weighted, simultaneous commands
systems provide the basis for implementing structural load and to the surfaces can maximize the control over a desired flexible
flutter control. which, coupled with the speed and memory mode while minimizng the excitation of other modes; this
improvements of digital systems, allows consideration of increases the amount of damping achievable without
controlling the higher frequency load and flutter phenomena. destabilizing other modes. Independent trim settings for these
Digital controls today use 60-80 Hz frame rates to control 3-4 surfaces would also increase the controllability of the load
Hz aircraft stability modes and maneuver modes. Flutter distribution and structural deformation along the wing modes.
controllers may need to control structural modes in the 6-20 Hz Design trade studies indicate that current actuation technology
range requiring control system computer frame rates in the 200- seems adequate to support the expected actuation accuracy and
400 Hz range for acceptable phase loss due to digital controller response requirements. However, some attention may be
effects. One area of concern, which has not been adequately required to design and develop actuation devices whose size is
quantified at this time, deals with the computation speed comistent with the expected cross sections of leading edge
required for real time parameter estimation of statically control
unstable combat aircraft to compensate for battle damage to the
aircraft Partitioning of the control system using modular Piezoelectric bending actuators for integration in composite
components tailored to specific functions could resolve the smart structures may provide active structural mode damping
potential requirement for extremely fast computation. beyond that available from aerodynamic control surfaces.

These actuators, however, are in the early stages of
The mechanization of highly integrated control laws may also development and the maturation schedules do not appear to be
be a challenge from a flight safety standpoint. Embedded consistent with the anticipated pace of smart structure control
structural sensors could provide the capability for fatigue load
assessment, maneuver limitations, or speed limitations due to 3.7 DESIGN METHODS
flutter and advisories from damage assessment algorithms. If
these functions are implemented as flight critical control The current aircraft and control system design process relies on
modes, then the embedded sensors and control computations conservative design, accurate structural modeling, and
must be implemented so as not to compromise flight safety. extensive verification and validation to ensure that structural
Similarly, the forward looking laser sensor for active load modes do not compromise the performance or safety of the
control of a relaxed strength structure would become flight control system. This process is not likely to be modified by the
critical. Careful attention will need to be devoted to dealing added requirement to actively control a flexible structure.
with these flight critlity issues. However, in the future, designers may have the freedom to

allow structural frequencies to enter a currently forbidden
3.S.2 Signaiang region, evea though their effects may be critical

A wide range of conventional sensors and signal transmission The proposed large number of feedback sensors and actuatoi
means are now available for implementing control systems. pose stiff challenges to control law designers, who traditionally
However, many different types of poltomc senr am under chose sesor-actustor gains only one at a time. One key
development, some of which may be eul in active structural enabling technology to design the eavisioned control law
mode control system applications. Of particular inteest we structure is modem multivarable control design and analysis.
embedded photonic structural mor networks because light Of particular importance is the ability of them design methods
weight pbotonic fibers would nat significantly increase the total to handle large degrees of critical control parameter
vehicle weight due to the additional sensing requirements The uncertainties and to provide complex nonlinear control
Application of pOtonic syse also Pami"e significant functions These design methodsi also promise to allow the
benefits in EMI immunity, improved pwftmrwn and control system deignr to take full advantage of the advanced
potentially lower life cycle cam. PMonko components aircraft multiple sesors and effectors to meet the complex
however, present uniqe difftnces campM tb their requirements which may be levied.
fly-by-wire equivalents that wmfps the and for extended
validation teting. Some of thaese charcteistics are photonlc Multi-input multi-output design methods. including Mu
power mirces, high rlabity intesannects, and installation synthesis,. -Infinity, Linear Qusdratic, dbect optimization, and
and mantenance of fiber optic systms. A gret dald of activity othem am maturing. To dae, these design methods have been
is currently in progress to dald with these issues. However, the ueed successfully with about a dam inputs or outputs and
relizion of active cmntrol of flexible structors, which is appear extendible to dal with the desg problem poed by
likely to be potomics bad, may requi•e a focused Initiative in active conl of flexible structures. In addition, positivity
the pholonics ma.mthods offer some help when sensors and actuasors wer

coflocafed, such as the embedded piezoelectric actuators and
load seneors in some proposed struct•ur designs.
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Conventional single-loop phase and gain margin methods could Flexible, relaxed stiffness wings have been explored in
also be complemented with advanced multivariable stability numerous analyses, simulations, design studies, and wind
analysis techniques. such as Mu synthesis and singular value tunnel experiments. Results of this work show that wing
tests, to deal with the totality of the control law design control power can be increased through the use of leading and
problem. It will also be necessary to demonstrate that these trailing edge surfaces in conjunction with increased wing
methods, nearly all based on linear system theory, behave flexibility. This increased control power and reduced structural
gracefully under the inevitable nonlinearities such as actuator weight of flexible wings may be exploited by the aircraft
rate and position limiting. designer to improve structural efficiency and significantly

increase range or payload.
Several nonlinear control methods based on fuzzy logic, neural
networks, dynamic inversion, and other approaches are Vehicle management systems offer a potential for aircraft
emerging and offer promise for coping with complex nonlinear weight reduction through the integration of subsystems and
feedback systems. Prsently, they have been shown to provide application of optical fibers and photonic sensors. Subsystem
good performance but generally lack a supporting stability integration will reduce the number of components on the
analysis theory, thus requiring a design-by-simulation process. aircraft while adding synergistic performance improvements.
This design process does not end with the usual stability For example, replacement of the relatively heavy shielded
measures, such as poles, zeros, and stability margins, and pose copper signal transmission and low wattage power lines with
a flight safety assurance issue which should not be intractable. light weight optical fibers throughout the vehicle offers
On the other hand, designs based on linear control methods, substantial savings in weight. Benefits from these advances in
both classical and modem, may perform poorly when typical systems technology increase with the complexity of the
nonlinearities, such as actuator limits, are introduced. structure and control systems.
Possibly, the nonlinear control methods could handle high-level
control functions such as mode switching and responding to Alternatives to conventional aerodynamic surfaces have been
large commands, while linear feedback laws would operate under investigation for some time and offer large potential for
near each equilibrium trim point, weight reduction, particularly when coupled with relaxed

stiffness structures. Control effectors such as thrust vectoring
While active control of flexible structures i by no means and reversing and vortex burst control allow reductions in the
trivial, the design tools, methods, and a data base to enable size and weight of empennage surfaces, add maneuverability at
control system design appear to be available. Cooperation high AOA, and enhance control in regimes of reduced surface
between structures, aerodynamics, and control technologists effectiveness due to twist in flexible structure wings.
will be essential to maturing the design methods, criteria, and
tools essential to exploitation of relaxed stiffness structures. A Potential control requirements of flexible wings have been
focused flexible structures active control of initiative may well considered in detail with the specific purpose of assessing
provide the opportunity for control system technologists to control technology readiness to meet the accuracy and response
successfully combine these two very promising design demands of these structures. While active control of flexible
approaches. structures poses a challenge, it is a challenge which can be met

in the context of available design tools, methods, and design
3.8 VERIFICATION AND VALIDATION data.

As the complexity of aircraft systems and control algorithms The potential of actively controlled relaxed stiffness wings;
increme, perftnisace and flight safety verification and highly integrated, photonics based vehicle management
validation become mote critical The verification and systems; and unconventional control effectors is a dramatic
validation process consists of four major phses analysis and increase in the performance, range, or payload capability of
simulation; pilot and hardware-in-he-loop simulation test and c4-mbat aircraft which appears readily extendible to transport
evaluation; vehicle ground test; and flight test, evaluation, and and other aircraft applications. A cooperative and concerted
demonstration. This process has evolved over time and its structures, materials, control, and aerodynamics endeavor to
application is rfined by each successive development program. build and demonstrate the expected capabilities appears to be
T se oundness of this process and of each phase is well in order.
atesd to by the numerous flight critical systems now in
operation. Available information in convincing that application ACKNOWLEDGMEIUS
of this poces to certification of relaxed stiffuess structures
control system would result in high performance and safe The authors wish to acknowledge the valuable technical
aircraft. support of others in the preparation and development of this
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